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ABSTRACT

The requirement for efficient scheduling algorithms for the development

of hard real-time systems resulted in much effort directed toward the

development of high performance scheduling algorithms. The algorithms

developed up to this point for the Computer Aided Prototyping System

(CAPS) do not satisfy the requirements for a efficient static scheduling

algorithm. The existing static scheduler neither performs efficiently nor

produces correct results for all input cases.

This thesis represents the research conducted to develop a fast heuristic

static scheduling algorithm based on the principles of simulated annealing.

In addition, this thesis describes the development of new data structures that

simplify the static scheduler and maximize system resources. Several of the

existing scheduling algorithms were re-implemented to make use of the new

data structures and provide correct results. Any feasible schedule produced by

these scheduling algorithms guarantees that both timing and precedence

constraints are met. The primary goal of this thesis was to produce an

efficient and effective scheduler to support the CAPS system.
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I. INTRODUCTION

A. BACKGROUND: HARD REAL-TIME SYSTEMS

Large scale hard real-time systems are important to both civilian and

military operations. Hard real-time systems are defined as those systems in

which the correctness of the system depends not only on the logical results of

the computation, but also on the time at which the results are produced. If

results are not produced in a timely manner, disastrous results may occur.

Examples of hard real-time systems include air traffic control systems,

telecommunications systems, space shuttle control avionics systems, C3I

systems, and future Strategic Defense Initiative (SDI) systems. Most hard real-

time systems are specialized and complex, require a high degree of fault

tolerance, and are typically embedded in a larger system. To overcome the

complexity in the design and development of such systems, software

engineers now use a new approach, called rapid prototyping, to build and

maintain these systems. Rapid prototyping is a means for stabilizing and

validating the requirements for complex systems (e.g. embedded control

systems with hard real-time constraints) by helping the customer visualize

system behavior prior to detailed implementation. The Computer Aided

Prototyping System (CAPS), which is being developed at the Naval

Postgraduate School, supports an iterative prototyping process characterized

by exploratory design and extensive prototype evolution, thus enabling the

engineers to produce complex systems that match user needs and reduce the

need for expensive modifications after delivery.

=m~m m mmmnmmnl mim mmm nnm In wm 1



B. THE COMPUTER AIDED PROTOTYPING SYSTEM (CAPS)

CAPS consists of several modules. Figure 1 below describes the major

software modules of CAPS. The user interface consists largely of a graphical

editor for the formal prototyping language called Prototyping System

Description Language (PSDL). Future implementations of this module will

also have a syntax directed editor. The second module is the Software

Database System which includes the Rewrite Subsystems, the Software Design

Management Subsystem, and the Reusable Software Component Database.

The third module is the Execution Support System (ESS). This module

contains the PSDL Translator, the Static Scheduler, and the Dynamic

Scheduler. Figure 2 shows the implementation and interfaces of the ESS.

This thesis is concerned with the static scheduler component of the ESS.

User Software Execution

Interface Database Support
System System

Figure 1. Major Software Tools of CAPS

The Dynamic Scheduler acts as a run-time executive when exercising the

system. It schedules operators without timing constraints, which are not

include in the static schedule, by using spare capacity in the static schedule. It

2
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Specifica-
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Static No m Dynamic

Translator Scheduler - rtia Scheduler
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ADA Static Dynamic
Code Schedule Schedule

ADA Comnpuler/Uicer

Figure 2. The Execution Support System

handles run-time exceptions and hardware/operator interrupts. It

communicates with the user interface during prototype runs. Thus, it
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performs like a miniature operating system. While the problems involved in

this subsystem are interesting, it is the static scheduler that deals with the

issues addressed in this proposal.

The purpose of the static scheduler is to build a static schedule for a set of

tasks that must obey both precedence and timing constraints. This schedule

gives the order of execution and the timing of the operators. The schedule is

legal and feasible if both the precedence relationships are maintained and the

timing constraints are guaranteed to be met.

The existing static scheduler is described in (Janson, 1988), (Killic 1989)

and (Cervantes, 1988). Figure 3 is a data flow description of the static

scheduler. The following paragraphs are a description of the static scheduler

that was originally implemented by (Janson, 1988), (Killic, 1989), (Cervantes,

1988) and modified by the work described in this thesis. The Static Scheduler

consists of five modules-PSDLREADER, FILEPROCESSOR,

TOPOLOGICAL-SORTER, HARMONIC_BLOCKBUILDER, and OPERATORSCHEDULER.

The first component, PSDLREADER, reads and processes the PSDL

prototyping program. It is essentially a filter that removes information not

needed by the Static Scheduler. The output of this module is the text file

ATOMIC.INFO that contains all the operators along with any timing

constraints the operators may have and the link statements which describe

PSDL implementation graphs.

The second component, FILE_PROCESSOR, analyzes the text file

generated by the PSDLREADER and separates the information into a linked

list data structure called THEGRAPH and a file called NONCRITS. It then

4
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Figure 3. Static Scheduler Data Flow Diagram

converts sporadic operators into their periodic equivalents. The information

is separated based on its destination and the additional processing required.

THE_GRAPH, which is a graph structure, as indicated in Figure 4 below

contains two linked lists. The "VERTICES" list contains a list of all time-

critical operators and their associated timing constraints. The "LINKS" list

contains the link statements which are a syntactical description of the PSDL

implementation graphs and indicates the data flows between operators. The

"VERTICES" list is used by the HARMONICBLOCK_BUILDER module and

the "LINKS" list is used by the OPERATOR_SCHEDULER to develop a

OP_INFO list. The OP_INFO list is then used by the

TOPOLOGICAL_SORTER to develop a precedence list for the operators to be

scheduled. The entire structure THE_GRAPH is Fiso used by

5

cotan tw ikdlssIh VRIE"litcnan ito l ie



OPERATORSCHEDULER to develop a static schedule. The NONCRITS

file contains a list of all non-critical operators that is used by the Dynamic

Scheduler.

The third component, TOPOLOGICALSORTER, performs a topological

sort on the OP_INFO data structure. Using the OP_INFO list is a change from

the previous implementations of the Static Scheduler. The

TOPOLOGICALSORTER has also been rewritten. It now develops a true

topological ordering and is not dependent on a specific ordering of operators

in the PSDL input file. The result is a total ordering of the operators

depending on data flow. This total ordering is passed to

OPERATORSCHEDULER module as the PRECEDENCELIST data structure.

THE-GRAPH

(V..LST.USr) OPERATOR OPERATOR OPERATOR
VE~MCES

NEXT -I NEXT NM)

UNS (E...SEU.U LNK DATA LINK DAqTA, LNK DA]TAA

Nmx F Nmx NE)(

Figure 4. Graphical Representation of THEGRAPH Linked List Structure

The fourth component, HARMONICBLOCKBUILDER determines the

Harmonic Block Length of the static schedule to be developed. A harmonic

6



C. PERIODIC OPERATORS

This section is based upon the background work done in (Cervantes,

1989). Periodic operators are triggered by temporal events and must occur at

regular time intervals. The timing constraints of each periodic operator OPi

consists of a specific period period(OPi), a maximum execution time

MET(OPi), and a deadline finish within(OPi). Denote the kth instance of OPi

by OPi,k, the start time of OPi* by start time(OPik), and the completion time of

OPi,k by completion(OPi,k). For k > 1, define earlieststarttime(OPik), the

earliest starting time of OPi,k, as startime(OPi,1) + (k-1) * period(OPi) and

d e a d I i n e (O Pi,k), the latest completion time of OPi, k , as

earlieststart-time(OPi,k) + finishwithin(OPi). Then

starttime(OPi,k) >= earliest_start time(OP,k)

and

start-time(OPi,k) + MET(OP i) <= deadline(OP,).

The precedence constraints among a given set of operators are specified in

the form of a directed acydic graph G. The precedence constraints are defined

by the communications among the operators that compose the system being

developed. PSDL operators communicate by means of named data streams.

All data values carried by a data stream must be instances of a specific abstract

data type associated with the stream. There are two different types of data

streams in PSDL, dataflow streams and sampled streams. Dataflow streams

are used in applications where the values in the stream must not be lost or

replicated and the period of the producer and consumer of the data must be

the same (lockstep performance). Sampled streams are used in applications

8



D. ORGANIZATION

The objective of this thesis is to describe a new heuristic static scheduling

algorithm that uses the principles of simulated annealing to develop a

feasible schedule if one exists. To do so this thesis is organized as follows:

Chapter II describes the static scheduling algorithms that exist in CAPS for a

single processor environment; Chapter III is a description of the new heuristic

scheduling algorithm. It includes a description of the simulated annealing

process and the implementation of this process in the static scheduler;

Chapter IV is a description of the new data structure and modifications made

to existing modules that improve the performance of the static scheduler;

Chapter V is an evaluation of this new algorithm; and Chapter VI presents

conclusions and recommendations for future work.

10



addressed in (Janson, 1988). This chapter examines the five scheduling

algorithms currently implemented in CAPS. These five algorithms are

Harmonic Block with Precedence Constraints, Earliest Start, Earliest Deadline,

Branch and Bound, and Exhaustive Enumeration. The first three algorithms

were described in detail in (Kilic, 1989), and the remaining two were described

in detail in (Fan, 1990).

B. HARMONIC BLOCK WITH PRECEDENCE CONSTRAINTS

This algorithm attempts to find a feasible schedule by scheduling the

operators in the order that they appear in a topological ordering. If any of the

operators violate a timing constraint, the schedule being developed is

rejected. Since in most hard real-time systems there exists more than one

topological ordering of operators there are cases where one ordering will

produce a feasible schedule while another will not. This algorithm does not

adjust the topological ordering in order to find a feasible schedule.

C. EARLIEST START TIME SCHEDULING ALGORITHM

In the original algorithm (Bra, 1971), each transaction must have an

earliest start time. That is, each transaction becomes available at time ai, must

be completed by bi, and requires ci units of time. Pre-emption of transactions

is allowed in this algorithm but transaction precedence is normally not

allowed. The version of the algorithm that is implemented in CAPS allows

precedence but does not allow pre-emption. Transactions are scheduled in

this algorithm based on the system clock, the earliest start time of a

transaction, and the priority of the transaction. The algorithm assigns a time

slot to the newest transaction based on its earliest start time. If two or more

12



E. THE NEED FOR A NEW SCHEDULING ALGORITHM

There is a gap in the current static scheduler. Three algorithms exist that

attempt to develop a quick solution. These algorithms only find feasible

solutions for very simple hard real-time systems but fail to find a feasible

solution as systems become more complex. Exhaustive Enumeration and

Branch and Bound, on the other hand, will find a feasible schedule if such a

schedule exists, but both are very costly due to their time complexity.

There exists a need for a fast algorithm that is capable of producing a

feasible solution. The proposed heuristic algorithm, which is based on the

simulated annealing approach, appears to be the best compromise between

simple-minded and exponential time algorithms already implemented in

CAPS.

F. SUMMARY

This chapter presented a sample of previous algorithms developed to

solve the real-time scheduling requirement. These algorithms have inherent

weaknesses such as an inability to handle complex topological orderings that

do not immediately produce solutions or they have a high degree of time

complexity. Since the static scheduling problem is NP-hard (Zdrzalka, 1988),

systemic global search is the only guaranteed way to return a feasible static

schedule for a hard real-time system if such a schedule exists. The exhaustive

enumeration algorithm has already been implemented in CAPS to

accomplish this. This algorithm has demonstrated to be very costly in

practice.

14



IIL DESCRIPTION OF THE ALGORITHM TO HANDLE THE HARD REAL-

TIME SCHEDULING PROBLEM

A. SIMULATED ANNEALING

The use of simulated annealing to solve combinatorial optimization

problems is an area that has received much attention lately. Combinatorial

optimization problems are those whose configuration of elements are finite

or countably infinite. An example combinatorial optimization problem is the

assignment problem where there are a number of personnel available to do

an equal number of jobs. The cost for each person to do each job is known.

The goal is to assign each person to a job so that the total cost is as small as

possible (Otten, 1989). There are a wide range of combinatorial optimization

problems that the simulated annealing approach can be utilized for. These

include graph partitioning, graph coloring, number partitioning, VLSI design,

and travelling salesman type problems.

Simulated annealing is based on the behavior of physical systems and the

laws of thermodynamics. The way that liquids freeze and crystalize or metals

cool and anneal are the principles upon which simulated annealing is based.

At high temperature, liquid molecules move freely with respect to one

another. As the liquid cools, this mobility is lost. Atoms line up and form a

pure crystal that is at a minimum energy level. As the system cools slowly

nature finds the minimum energy state (Flannery, 1984). Examining

simulated annealing in non-physical terms, a comparison is made to the

concept of local optimization or iterative improvement. Local optimization

16



energy states the probability for making an uphill move still exists. As

indicated in Figure 5 above, uphill moves allow the algorithm to leave a poor

local solution (point A or point B) and reach a better solution in the vicinity

of point C. This general scheme of always taking a downhill step while

occasionally taking an uphill step is known as the Metroplis algorithm,

named after Metroplis, the scientist, who with his coworkers first investigated

simulated annealing in 1953 (Press, 1984).

The choice of a probability function to determine if an uphill movement

is allowed is an important consideration. At each step of the simulated

annealing algorithm a new state is constructed based on the current state.

This new state is constructed by randomly displacing or adjusting a randomly

selected element. If this new state has a lower cost than the current state, the

new state is accepted as the current state. If the new state has a higher cost

than the current state, the new state is accepted with the probability:

exp(-Ae/kT).

This probability function is known as the Boltzman probability

distribution where:

Ae = difference in cost between new state and current state

k = Boltzman's constant of nature relating temperature to energy

T = Current Temperature

A characteristic of this probability function is that at very high

temperatures every new state has an almost even chance of being accepted as

the current state. At low temperatures the states with a lower cost have a

higher probability of being accepted as the current state.

18



The annealing schedule sets after how many random changes in the

configuration is each downward step in T taken, and how large that step is.

The range of the annealing temperature and the value of the annealing

schedule are normally established from trial and error experimentation

(Flannery, 1984).

A pseudocode representation of the simulated annealing algorithm based

on the algorithm proposed in (Johnson, 1989) follows:

BEGIN
GET AN INITIAL SOLUTION
SET INITIAL TEMPERATURE T > 0
WHILE T > 0 LOOP

FOR I IN 1..L LOOP
GENERATE A NEW SOLUTION
Ae - E(NEW SOLUTION) - E(CURRENT SOLUTION)
IF Ae <- 0 THEN

CURRENT SOLUTION :- NEW SOLUTION
ELSE

CURRENT SOLUTION :- NEW SOLUTION
WITH PROBABILITY exp(-Ae/T)

END IF
END LOOP
ADJUST TEMPERATURE (T - rT)

END LOOP
END

WHERE T - TEMPERATURE
r - COOLING FACTOR
L - NUMBER OF TRIALS TO PERFORM AT EACH TEMPERATURE
Ae- DIFFERENCE IN COSTS BETWEEN TWO SOLUTIONS

The choice of values for T, r, and L have a significant impact on the

annealing schedule. The higher the initial temperature, the higher the

cooling factor, and the larger the number of trials at each temperature result

in more solutions being examined in order to find an optimum solution.

The goal in choosing these parameters is to pick them so that a sufficient but

not excessive number of solutions are examined. These values are normally

chosen arbitrarily and adjusted through experimentation. The next section of

20



The goal of the hard real-time scheduler is to find a feasible schedule for

the operators, not the optimum schedule. This means that simulated

annealing can be terminated as soon as a feasible schedule is found. Both

loops of the annealing algorithm are modified so that if a feasible schedule is

found, the loop condition for both loops is satisfied and annealing is

terminated. This means that when each iterative solution is tested, it is

examined to see if it is a feasible solution. The next section describes what a

feasible solution is. If the current schedule is feasible, boolean flags are set so

that both loop conditions of the algorithm are satisfied.

opP-2

Old Ordering New Ordering

Op-.1 Op-1
oP2 OP3
oP3 oP2
OP4 OP_4

Figure 6. Reordering of Operators Preserving Precedence
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The proposed schedule must also be examined to check that the finish

time of the last operator in the schedule does not exceed the harmonic block

length. The concept of harmonic block length is covered in (Kilic, 1989). The

basic idea is that a schedule is developed to fit inside a harmonic block. The

length of the harmonic block is the greatest common multiple of the periods

of all operators to be scheduled. Once a schedule is developed that fits within

the harmonic block, subsequent copies of the block can be made to maintain

the hard real-time schedule. Each proposed schedule is examined to insure

that the schedule does not exceed the harmonic block length. If a schedule

does exceed the harmonic block length, the schedule is not valid since

subsequent copies of the schedule will violate the hard real-time timing

constraints.

If a schedule is a examined and all timing constraints are satisfied and the

harmonic block length is not violated then a feasible schedule exists. At this

point the simulated annealing algorithm is terminated and the feasible

schedule is returned to CAPS.

E. METHOD FOR PRODUCING A FEASIBLE SCHEDULE FOR A

PROPOSED REAL-TIME SYSTEM

The simulated annealing algorithm uses a step by step method to find a

feasible solution. These steps include developing an initial solution, testing

the initial and subsequent solutions, and adjusting the solution while

guaranteeing that operator precedence is maintained. The simulated

annealing algorithm is a heuristic (or approximate) approach to solving the

scheduling problem for hard real-time systems. It does not guarantee to find

a valid solution even if one exists. The goal of this thesis is to develop an

24



schedule as possible while maintaining precedence. Figure 8 demonstrates

the annealing that occurs. Each operator ahead of the operator in question is

examined to determine if it is a parent of the operator that violated its timing

constraints. The operator continues to move up the schedule until we come

to its parent. At this point we insert the operator in question after its parent.

Each operator in the new schedule begins at its lower bound or immediately

after the preceding operator, which ever is greater. This new schedule is then

examined to determine what its cost is and if it is in fact a feasible schedule.

Old Schedule Annealing New Schedule

OP 1 OP-1 OP_1
OP72 OP..2 OP_2O_~ OP~5
OP 3 OPo_3prto Is parent? No _-

OP._4 OP _4 % OP_3

oP75 OP..6 Is parent? No oP4
th "pato -dIs parent? No OP_6

deadline

Figure 8. Use of Annealing to Modify a Schedule

If the new schedule has a positive cost that is lower than that of the

current schedule, this new schedule is adopted and annealing continues. If

the new schedule is costlier than the current schedule, a random choice is

made whether to accept the new schedule with its higher cost of keep the

current schedule. This choice is made in accordance with the annealing

function, which takes into account the current temperature of the system and

the difference in cost between the current solution and the new solution. The

choice of accepting the new solution with a higher cost over the current

26



IV. IMPLEMENTATION OF THE STATIC SCHEDULER

A. OBSERVATIONS

The previous implementation of the static scheduler, although

functional, does not perform scheduling in the most efficient manner, nor

does it handle all types of input. During the development of the new

scheduling algorithm problems were identified and corrected in several of the

existing packages, which are part of the static scheduler. Development of

more efficient data structures resulted in faster execution of all scheduling

algorithms and eliminated the requirement for cumbersome input/output

between the various components of the static scheduler.

The modification of existing packages and the development of new data

structures greatly improved the performance of the new static scheduler

while increasing modularity and simplifying the code of the various

scheduling algorithms. The implementation of additional scheduling

algorithms in the future will become a simpler task because of the work done

in this thesis.

B. MODIFICATIONS TO EXISTING PACKAGES

Four packages that made up the static scheduler underwent modification

in order to correct errors, increase functionality and improve performance.

These four packages are the generic package SEQUENCES, which contained

all the linked list routines, the TOPOLOGICALSORTER package, the

FILEPROCESSOR package, and the FILES package, which contained all of the

global variables and data structures used by the static scheduler.

28



traverses a linked list freeing each node in that list. The second COPY LIST,

allows the contents of one list to be copied into another list. This procedure

will work with lists of the same or different lengths. The need for these two

routines to improve memory management came about as a result of the

development of the simulated annealing algorithm. Since this algorithm

repeatedly generates new schedules, a computer system's memory would

rapidly fill to capacity if discarded schedules were not reclaimed for their

memory.

A B before

ie insert Pointer to
inserted z eebe rebtured

A BT.4 C zafter

Figure 10. Effect of the INSERTNEXT Linked List Routine

2. TOPOLOGICALSORTER

The original topological sorter only worked when the input was

received in a certain order. True topological orderings were not found. This

sorter did not handle cases of multiple data links between operators. The

sorter also required numerous traversals of various linked lists in order to

accomplish a topological ordering of operators.

30



The new TOPOLOGICALSORTER (TSORT) is a simpler and faster

implementation of the topological ordering algorithm. It uses an array that is

initialized to the in-degree of each operator. The new scheduler always

augments the given precedence graph with a dummy start node. This

dummy start node has in-degree zero and is connected to all the operators

with in-degree zero in the original precedence graph. The dummy start node

is the only operator in the queue of operators to be processed initially. We

remove the operator v from the head of the queue and place it in the

precedence list (topological ordering). The in-degree value of each of v's

children is decremented by one. Once an operator has an in-degree value of

zero in the array the operator is placed at the end of the queue of those

operators waiting to be processed. As each operator is processed it is removed

from the queue and placed in the precedence list. This process continues

until the queue is empty. The new topological sort can handle input in any

order.

3. FILEPROCESSOR

This package, which processed the initial input and tested the input

to determine if a the operators could be scheduled on a single processor

system, now only tests the input and calculates periods for the non-periodic

operators. This package is renamed PROCESSOR. Processing of the input

now occurs in the packages FRONTEND and NEWDATASTRUCTURES.

4. Files

The original FILES package contained the definitions of all the types,

instantiation of all the generic packages, and global variables used by the static

scheduler. The new package contains the same type of information. This new
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package is named DATA. Since the data structures used by the static

scheduler are different, the new package reflects these changes.

C PACKAGES REMOVED FROM THE STATIC SCHEDULER

During development of the new algorithm the existing data structures

were examined. In addition to modifying several packages to improve their

performance, several packages were eliminated because they were inefficient

in their execution and thus were replaced by new packages. The removed

packages are DIGRAPH, the HARMONICBLOCKBUILDER scheduling

algorithm, and OPERATORSCHEDULER.

The instantiation of the generic package GRAPHS resulted in the package

DIGRAPH, which was a linked list representation of the operators and their

precedence relationships. This package, once created, did not require any

changes throughout the execution of the static scheduler. Using linked lists

to represent graphs with their associated parent-child relationships is very

inefficient. Numerous linked list traversals were required in order to

determine the parents or children of a specific operator. The graph structure

was not internal to this package but was passed as a parameter from procedure

to procedure within the static scheduler increasing the input/output

requirements. Procedures also existed within this package allowing for the

removal and addition of nodes and edges in the graph. This could result in

the unintentional removal or addition of information or changes to the

relationships between operators. The generic package GRAPHS has been

replaced by a new generic package NEWDATASTRUCTURES which is

described in detail in the next section.
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The HARMONICBLOCKBUILDER scheduling algorithm is

incorporated into the simulated annealing scheduling algorithm. The

HARMONIC_BLOCKBUILDER algorithm is used to develop the initial

solution. If all the timing constraints are satisfied, simulated annealing does

not occur since a legal schedule exists and the static scheduler terminates.

The OPERATORSCHEDULER package, which contained the routines

TESTDATA, the HARMONIC_BLOCKBUILDER, EARLIESTSTART, and

EARLIESTDEADLINE algorithms, is removed and replaced by the

SCHEDULER package. The procedure TESTDATA is moved to the package

FRONTEND. Correct implementations of the EARLIESTSTART and

EARLIESTDEADLINE scheduling algorithms that make use of the new

packages and data structures are contained in the package SCHEDULER.

D. NEW PACKAGES AND DATA STRUCTURES

Several new packages and data structures are contained in the new

version of the static scheduler. These modifications improve performance

and correctness, streamline input/output, and simplify the static scheduler.

These new packages are FRONT-END, NEWDATASTRUCTURES,

PRIORITY QUEUE, SCHEDULER, and ANNEAL.

1. FRONT-END

This package contains the procedures PRODUCEOPLIST and

TESTDATA. The procedure PRODUCEOPLIST reads the text input file

ATOMIC.INFO. Depending on the keywords, which are declared as constants,

the procedure separates the information in the file and stores the time critical

operator information in a linked list that is used by the package
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NEWDATASTRUCTURES. This procedure also produce a count of the

number of operators to be scheduled.

The procedure TEST-DATA, described in detail and implemented in

(Janson, 1988) is also contained in this package. This allows the input to be

examined as soon as a linked list of operators is established so that system

resources are not wasted if a feasible schedule is not possible for a given input.

The new representation of the graph NEWGRAPH, is instantiated

from the generic package NEWDATASTRUCTURES, in the package

FRONT-END. This allows for visibility of NEWGRAPH by the rest of the

packages within the static scheduler.

2. NEW-DATASTRUCTURES

This generic package replaces the generic package GRAPHS. It

represents an acyclic graph structure of operators of the hard real-time system

in a simpler and easily accessible data structure. The new graph is a record

that consists of two entries, OP_ARRAY and OP-MATRIX (see Figure 11).

Unlike the old graphical representation all information about the operators;

i.e their name, period, maximum execution time, etc. as well as their parent-

child relationships only exist within this package. All relevant information

about the operators that is required by the static scheduler is accessible by way

of procedures and functions that are instantiated within the package and

visible outside of it.

Since the operator information does not change once the new graph

is created, the decision was made to streamline this data structure. Using the

Ada principle of information hiding, the graph structure and its contents are
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private so that this information cannot inadvertently be changed. This was

not the case with the old graph structure.

OPARRAY

GRAPH

OPMATRD(

Figure 1L Graph Structure

The generic package NEWJDATASTRUCTURES is instantiated in

the declarative part of the package FRONT_END. However, OPARRAY and

OPMATRIX cannot be instantiated at this point because the number of

operators to be scheduled is not known until ATOMIC.INFO is processed. By

once again using the principles of Ada this is possible by creating the record

structure called GRAPH and declaring a pointer type to this data structure.

Once the number of operators to be scheduled is known the Ada allocator

"new" is used to create an instance of GRAPH that contains the proper size

OPARRAY and OPMATRIX. This allows for efficient use of memory.

The data structure OPARRAY contains all relevant information

about the operators. Once the operators are stored in the array they are

identified by their index position in the array, which are integers. This allows

for immediate access of all relevant operator information instead of having to

traverse a linked list in order to find the desired operator. Identifying
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operators by their index position as opposed to their name reduces the storage

required for operator identification throughout the static scheduler.

The data structure OPMATRIX, which is a two dimensional array,

greatly speeds up execution of the static scheduler. In the old graph data

structure numerous linked lists traversals were required in order to

determine the parent-child relationships of operators. The new graph data

structure, illustrated in Figure 13, streamlines the execution of this

requirement. Each operator has a row and column in the matrix. Each cell in

the matrix has two entries, one for a parent operator and one for a child

operator. The diagonal cells [i,i] in the matrix act as header nodes for two

circularly linked lists, one containing the parents of node i in the graph, and

the other containing the children of node i. For all i/=j, the child operator

(respectively parent operator) field of the [i,j]th entry is -1 if OP, is not a child

(respectively parent) of OPi. Otherwise, the child operator (respectively parent

operator) field will contain the index number of the next child (respectively

parent) in the circular linked list. For example, using Figures 13 anad 14, the

children of Op..2 can be retrieved as follows: starting at cell [2,2] retrieve the

value 5 from the corresponding child operator field. Moving to cell [2,5],

retrieve the value 6 from the child position. Moving to cell [2,6] we see that

there is a value of 2 in the child position, returning us back to the starting cell.

At this point we know OP_2 has no more children. A similar routine is used

to identify an operators parent's, only moves are made column wise as

opposed to row wise. To check a parent-child relationship we can go right to

the cell in question. If the value of the appropriate field is not -1, then a

relationship exists.
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Figure 14. Matrix Representation of Graph

3. PRIORITYQUEUE

This generic package is used by the earliest start and earliest deadline

scheduling algorithms. During instantiation of this package three parameters

are passed in to the generic template. The first is the type of element that is to

be placed in the priority queue. The second is the type of the value used to

order this priority queue. The third is the function used to order the priority

queue. By using a priority queue the code for both the earliest start and

earliest deadline algorithms is simplified. Under the Ada principle of code

reusability, the generic priority queue package is a reusable software

component that has a wide range of uses.

4. Anneal

This package contains the code for the new scheduling algorithm that

is described in detail in Chapter II of this thesis. It contains all the necessary

procedures and functions required to perform simulated annealing.
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E. DESCRIPTION OF THE NEW STATIC SCHEDULER

The new implementation of the static scheduler still takes the same

input, ATOMIC.INFO and produces the same output, the Ada textfile SS.a.

Figure 15 shows the dataflow of the new static scheduler. As illustrated in

Figure 15, once the input is stored in the new data structure, the requirement

for cumbersome input/output is removed. All necessary information is

accessible through the package NEWDATASTRUCTURE. The new static

scheduler accomplishes the same functions as the old static scheduler, but it

does so in a more efficient, simplified, and correct manner.
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V. EVALUATION OF THE NEW ALGORITHM

A. IMPROVEMENTS IN PERFORMANCE OF THE NEW ALGORITHM
OVER PREVIOUS ALGORITHMS

The simulated annealing scheduling algorithm starts with an initial

solution that satisfies the precedence constraints of the hard real-time system,

and attempts to find a feasible solution that satisfies the system timing

constraints. The simulated annealing algorithm is not intended to run faster

than either the earliest start or earliest deadline scheduling algorithm. It is

intended to find feasible schedules that cannot be found by the earliest start or

earliest deadline algorithms and to serve as an alternative to the more costly

branch and bound and exhaustive enumeration scheduling algorithms.

Based on the initial testing results simulated annealing accomplishes this

goal.

The performance and results of both the earliest start and earliest

deadline scheduling algorithm improved as a result of the changes

implemented in the static scheduler. These changes, discussed in detail in

Chapter IV of this thesis, resulted in a rewriting of both of these algorithms.

These algorithms now find correct solutions for cases that were not solved in

the previous version of the static scheduler. In particular, the algorithm does

not output incorrect schedules that exceed the harmonic block length, which

they did in the previous version of the static scheduler.

Any new scheduling algorithm that is implemented in the static

scheduler should utilize the packages and the data structures that were
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implemented as a result of this thesis. These data structures are efficient and

do not require large amounts of memory.

B. EXAMINATION OF THE SIMULATED ANNEALING ALGORITHM ON
HARD REAL-TIME SYSTEM PROBLEMS

The algorithm's initial performance in handling hard real-time system

problems is satisfactory. Two test cases are presented in this thesis and the

simulated annealing algorithm was able to find a feasible solution when both

earliest start and earliest deadline scheduling algorithms failed to find a

feasible solution. Simulated annealing was not costly time wise when it came

to finding these solutions. This indicates that the parameters chosen for the

simulated annealing scheduling algorithm (i.e. freezing temperature, cooling

factor, the number of trials at each temperature) are satisfactory choices.

The first case consisted of eight operators. The input file and the

precedence graph are included in Appendix A of this thesis and the results are

presented in Table I below. This case was relatively simple in that there was a

single starting node and there was not a wide variance in periods between the

various operators. Due to the tight timing constraints both earliest start and

earliest deadline were unable to find a solution. Simulated annealing, on the

other hand, quickly found a feasible solution. By starting with an initial

solution that did not satisfy the hard real-time systems timing constraints,

simulated annealing adjusted the operators while maintaining operator

precedence and quickly found a feasible solution. The solution satisfied all

timing constraints, including the one failed by earliest start and earliest
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TABLE 1. RESULTS OF THE FIRST TEST CASE

EARLIEST START

OPERATOR START TIME STOP TIME LOWER UPPER

DUMMY START NODE 0 0 30010 0

OP1 0 2000 0 0

OP_4 2000 3000 0 0

OP3 3000 8000 0 0

OP_7 8000 9000 0 0

OP 2 9000 10000 0 0

OP 5 10000 13000 0 0

OP1 13000 15000 10000 0

OP 6 15000 16000 0 0

OP_8 16000 17000 0 0

OP 1 20000 22000 20000 0

OP 2 24000 25000 24000 0

OP5 25000 28000 25000 0

OP6 30000 31000 30000 0 - Violate Harmonic

OP_8 31000 32000 31000 0 - Block Length

EARLIEST DEADLINE

OPERATOR START TIME STOP TIME LOWER UPPER

DUMMY START NODE 0 0 30010 0

OPI 0 2000 0 0

OP_4 2000 3000 0 0

OP_3 3000 8000 0 0

OP_7 8000 9000 0 0

OP 2 9000 10000 0 0

OP 5 10000 13000 0 0

OP 1 13000 15000 10000 17000

OP 6 15000 16000 0 0

OP_8 16000 17000 0 0

OP 1 20000 22000 20000 27000

OP_2 24000 25000 24000 33000

OP 5 25000 28000 25000 33000

OP8 31000 32000 31000 40000 - Violate Harmonic

OP_6 32000 33000 30000 41000 - Block Length

SIMULATED ANNEALING

OPERATOR START TIME STOP TIME LOWER UPPER

DUMMY START NODE 0 0 30010 0

OPI 0 2000 0 7000

OP_4 2000 3000 2000 16000

OP 3 3000 8000 3000 13000

OP_7 8000 9000 8000 25000

OP 2 9000 10000 9000 18000

OP_5 10000 13000 10000 18000

OP 6 13000 14000 13000 24000

OP 8 14000 15000 14000 23000

OP 1 15000 17000 10000 17000

OP 1 20000 22000 20000 27000

OP_2 24000 25000 24000 33000

OP 5 25000 28000 25000 33000

OP6 28000 29000 28000 39000

OP_8 29000 30000 29000 38000
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deadline, because they exceed the harmonic block length. The previous

version of the static scheduler would have output these schedules as correct

schedules, even though they are not correct.

The second test case is based on the functional specifications of the C3 I

work station described in (Anderson, 1990) and implemented in Coskun,

1990). The input file and precedence graph are presented in Appendix B of

this thesis and the results are presented in Table 2. This case is more

complicated than the first test case. It consists of 19 time critical operators.

There is no specific starting operator. Any one of five operators may begin

execution at the start of the harmonic block. There is a variance in periods

between the various operators. The precedence relationships in this example

are more complicated than the first case. As in the first case, due to the tight

timing constraints, earliest start and earliest deadline fail to find a feasible

schedule. Simulated annealing, however, is able to rapidly find a feasible

schedule.

These two test cases indicate that simulated annealing shows promising

results in solving the hard real-time scheduling problem. It appears that

simulated annealing will perform well as a scheduling tool when both

earliest start and earliest deadline fail. The cost of using simulated annealing

is low enough for it to be used before trying a more costly enumeration

algorithm.
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TABLE 2. RESULTS OF THE SECOND TEST CASE

EARLIEST START
OPERATOR START TIME STOP TIME LOWER UPPER
DUMMY START NODE 0 0 21010 0
WEAPONS-SYSTEMS 0 100 0 0
WEAPONS INTERFACE 100 200 0 0
CREATE POSITION DATA 200 700 0 0
MONITOR OWNSHIPPOSITION 700 1200 0 0
CREATE SENSOR DATA 1200 1300 0 0
ANALYZESENSOR-DATA 1300 1550 0 0
PREPARESENSORTRACK 1550 1800 0 0
FILTER SENSOR TRACKS 1800 2300 0 0
ADD SENSOR TRACK 2300 2800 0 0
PREPARE PERIODIC REPORT 2800 3300 0 0
WEAPONS-SYSTEMS 3300. 3400 3000 0
WEAPONS INTERFACE 3400 3500 3100 0
CREATE POSITION DATA 3500 4000 3200 0
MONITOROWNSHIPPOSITION 4000 4500 3700 0
MAKEROUTING 4500 4800 0 0
FORWARD FOR TRANSMISSION 4800 4900 0 0
CONVERT TO TEXT FILE' 4900 5000 0 0
COmIMS LINKS 5000 5100 0 0
PARSE INPUT FILE 5100 5350 0 0
DECIDE FOR ARCHIVING 5350 5450 0 0
EXTRACT TRACKS 5450 5600 0 0
FILTER COMIS_TRACKS 5600 6100 0 0
WEAPONS SYSTEMS 6100 6200 6000 0
WEAPONS-INTERFACE 6200 6300 6100 0
CREATE POSITION DATA 6300 6800 6200 0
MONITOR OWNSHIPPOSITION 6800 7300 6700 0
ADD COMMS TRACK 7300 7400 0 0
CREATE SENSORDATA 8200 8300 8200 0
ANALYZE SENSOR DATA 8300 8550 8300 0
PREPARESENSORTRACK 8550 8800 8550 0
FILTER SENSORTRACKS 8800 9300 8800 0
WEAPONS-SYSTEMS 9300 9400 9000 0
WEAPONS INTERFACE 9400 9500 9100 0
CREATE POSITION DATA 9500 10000 9200 0
ADD SENSOR TRACK 10000 10500 9300 0
MONITOR OWNSHIP POSITION 10500 11000 9700 0
PREPARE PERIODIC REPORT 11000 11500 9800 0
MAKE ROUTING 11500 11800 11500 0
FORWARD FOR TRANSMISSION 11800 11900 11800 0
CONVERT TO TEXT FILE 11900 12000 11900 0
COMMS LINKS 12000 12100 12000 0
WEAPONS SYSTEMS 12100 12200 12000 0
PARSE INPUT FILE 12200 12450 12100 0
WEAPONS INTERFACE 12450 12550 12100 0
CREATE POSITION-DATA 12550 13050 12200 0
DECIDE FOR ARCHIVING 13050 13150 12350 0
EXTRACT-TRACKS 13150 13300 12450 0
FILTER COWNS TRACKS 13300 13800 12600 0
MONITOR OWUSEIP POSITION 13800 14300 12700 0
ADD COkMS TRACK 14300 14400 14300 0
WEAPONS SYSTEMS 15000 15100 15000 0
WEAPONS INTERFACE 15100 15200 15100 0
CREATE SENSOR DATA 15200 15300 15200 0
CREATE POSITION DATA. 15300 15800 15200 0
ANALYZE SENSOR DATA 15800 16050 15300 0
PREPARESENSOR TRACK 16050 16300 15550 0
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TABLE 2. RESULTS OF THE SECOND TEST CASE (CONTINUED)

MONITOR OWNSHIP POSITION 16300 16800 15700 0
FILTER SENSOR TRACKS 16800 17300 15800 0
ADD SENSOR TRACK 17300 17800 16300 0
PREPARE PERIODIC REPORT 17800 18300 16800 0
WEAPONSSYSTEMS 18300 18400 18000 0
WEAPONS INTERFACE 18400 18500 18100 0

CREATE POSITION DATA 18500 19000 18200 0
MAKE ROUTING 19000 19300 18500 0
MONITOR OWNSHIP POSITION 19300 19800 18700 0
FORWARD FOR TRANSMISSION 19800 19900 18800 0
CONVERTTO TEXT FILE 19900 20000 18900 0
COHMS LINKS 20000 20100 19000 0
PARSE INPUT FILE 20100 20350 19100 0
DECIDE FOR ARCHIVING 20350 20450 19350 0
EXTRACT TRACKS 20450 20600 19450 0

FILTER.COMMSTRACKS 20600 21100 19600 0 - Violate Harmonic
Block Length

EARLIEST DEADLINE
THE BEST SCHEDULE FOLLOWS:
OPERATOR START TIME STOP TIME LOWER UPPER
DUMMY START NODE 0 0 21010 0
WEAPONS-SYSTEMS 0 100 0 0
WEAPONS INTERFACE i00 200 0 0
CREATE POSITIONDATA 200 700 0 0
MONITOR OWNSHIP POSITION 700 1200 0 0
CREATE SENSOR DATA 1200 1300 0 0
ANALYZE SENSOR DATA 1300 1550 0 0
PREPARESENSOR TRACK 1550 1800 0 0

FILTER SENSOR TRACKS 1800 2300 0 0
ADD SENSOR TRACK 2300 2800 0 0
PREPARE PERIODIC REPORT 2800 3300 0 0
CREATE POSITION DATA 3300 3800 3200 5700
WEAPONS SYSTEMS 3800 3900 3000 5900
WEAPONSINTERFACE 3900 4000 3100 6000
MONITOR OwNSHIP POSITION 4000 4500 3700 6200
MAKEROUTING 4500 4800 0 0
FORWARD FOR TRANSMISSION 4800 4900 0 0
CONVERT TOTEXT FILE 4900 5000 0 0
COMSLINKS 5000 5100 0 0
PARSEINPUT FILE 5100 5350 0 0
DECIDE FOR ARCHIVING 5350 5450 0 0
EXTRACT TRACKS 5450 5600 0 0
FILTER C0OMMS TRACKS 5600 6100 0 0
ADD COMMS TRACK 6100 6200 0 0
CREATE POSITION DATA 6200 6700 6200 8700

WEAPONS SYSTEMS 6700 6800 6000 8900
WEAPONS INTERFACE 6800 6900 6100 9000
MONITOR OWNSHIP POSITION 6900 7400 6700 9200

CREATE OSITION DATA 9200 9700 9200 11700
WEAPONS SYSTEMS 9700 9800 9000 11900
WEAPONS INTERFACE 9800 9900 9100 12000
MONITOR OWNSHIP POSITION 9900 10400 9700 12200
CREATE POSITION DATA 12200 12700 12200 14700
WEAPONS SYSTEMS 12700 12800 12000 14900
WEAPONS INTERFACE 12800 12900 12100 15000
ANALYZE.SENSOR DATA 12900 13150 8300 15050
CREATE SENSOR DATA 13150 13250 8200 15100
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TABLE 2. RESULTS OF THE SECOND TEST CASE (CONTINUED)
MONITOR OWNSHIP POSITION 13250 13750 12700 15200
PREPARESENSOR TRACK 13750 14000 8550 15300
FILTER SENSOR TRACKS 14000 14500 8800 15300
ADD SENSOR TRACK 14500 15000 9300 15800
PREPARE PERIODIC REPORT 15000 15500 9800 16300
CREATE POSITION DATA 15500 16000 15200 17700
WEAPONS SYSTEMS 16000 16100 15000 17900
WEAPONS INTERFACE 16100 16200 15100 18000
MAKE ROUTING 16200 16500 11500 18200
MONITOR OWNSHIP POSITION 16500 17000 15700 18200
FORWARD FOR TRANSMISSION 17000 17100 11800 18700
CONVERT TO TEXT FILE 17100 17200 11900 18800
PARSE INPUT FILE 17200 17450 12100 16850
COMMSLINKS 17450 17550 12000 18900
FILTER COMMS TRACKS 17550 18050 12600 19100
DECIDE FOR ARCHIVING 18050 18150 12350 19250
EXTRACT TRACKS 18150 18300 12450 19300
ADD C009S. TRACK 18300 18400 13100 20000
CREATE POSITION DATA 18400 18900 18200 20700
WEAPONSSYSTEMS 19900 19000 18000 20900
WEAPONSINTERFACE 19000 19100 18100 21000
MONITOROWNSHIP POSITION 19100 19600 18700 21200
ANALYZE SENSOR DATA 19600 19850 15300 22050
CREATE SENSOR DATA 19850 19950 15200 22100
PREPARE SENSOR TRACK 19950 20200 15550 22300
FILTER SENSOR TRACKS 20200 20700 15800 22300
ADD SENSOR TRACK 20700 21200 16300 22800 4-
PREPARE PERIODIC REPORT 21200 21700 16800 23300 4-
MAKE ROUTING 21700 22000 18500 25200 4-
FORWARD FOR TRANSMISSION 22000 22100 18800 25700 4- [Violate
CONVERTTO TEXT FILE 22100 22200 18900 25800 4- H Jarmonic
PARSE INPUT FILE 22200 22450 19100 25850 4- Block
COMMS LINKS : 22450 22550 19000 25900 4 LLength
FILTER COMMS TRACKS 22550 23050 19600 26100 4-
DECIDE FORARCHIVING 23050 23150 19350 26250 4-
EXTRACT TRACKS 23150 23300 19450 26300 4-
ADD.COMMS TRACK 23300 23400 20100 27000 4-

Simulated Annealing

OPERATOR START TIME STOP TIME LOWER UPPER
DUMMY START NODE 0 0 21010 0
CREATE POSITION DATA 0 500 0 2500
CREATE7SENSOR.DATA 500 600 500 7400
WEAPONS SYSTEMS 600 700 600 3500
ANALYZE SENSOR DATA 700 950 700 7450
COMMS LINKS 950 1050 950 7850
WEAPONS INTERFACE 1050 1150 1050 3950
MONITOROWNSuIP POSITION 1150 1650 1150 3650
PREPARE SENSOR TRACK 1650 1900 1650 8400
FILTER SENSOR TRACKS 1900 2400 1900 8400
ADD SENSOR TRACK 2400 - 2900 2400 8900
PREPARE PERIODIC REPORT 2900 3400 2900 9400
MAKE ROUTING 3400 3700 3400 10100
WEAPONS SYSTEMS 3700 3800 3600 6500
FORWARDFOR TRANSMISSION 3800 3900 3700 10600
CONVERT TO TEXT FILE 3900 4000 3800 10700
PARSE INPUT FILE 4000 4250 3900 10650
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TABLE 2. RESULTS OF THE SECOND TEST CASE (CONTINUED)
WEAPONS INTERFACE 4250 4350 4050 6950
DECIDE FOR ARCHIVING 4350 4450 4150 11050
EXTRACT TRACKS 4450 4600 4250 11100
FILTER COMMS TRACKS 4600 5100 4400 10900
ADD CONMS TRACK 5100 5200 4900 11800
CREATE POSITION_ DATA 5200 5700 3000 5500
MONITOR OWNSHIPPOSITION 5700 6200 4150 6650
CREATE POSITIONDATA 6200 6700 6000 8500
WEAPONS_SYSTEMS 6700 6800 6600 9500
WEAPONS INTERFACE 7050 7150 7050 9950
MONITOR OWNSHIP POSITION 7150 7650 7150 9650
CREATE SENSOR DATA 7650 7750 7500 14400
ANALYZE SENSOR DATA 7750 8000 7700 14450
CONMSLINKS 8000 8100 7950 14850
PREPARE SENSOR TRACK 8650 8900 8650 15400
FILTER SENSOR TRACKS 8900 9400 8900 15400
CREATE POSITION DATA 9400 9900 9000 11500
WEAPONS SYSTEMS 9900 10000 9600 12500
ADDSENSOR-TRACK 10000 10500 9400 15900
MONITOR OWNSHIPPOSITION 10500 11000 10150 12650
WEAPONS INTERFACE 11000 11100 10050 12950
PREPAREPERIODIC REPORT 11100 11600 9900 16400
MAKE ROUTING 11600 11900 10400 17100
FORWARD FOR TRANSMISSION 11900 12000 10700 17600
CONVERT TO TEXTFILE 12000 12100 10800 17700
CREATEPOSITION DATA 12100 12600 12000 14500
PARSE INPUT FILE 12600 12850 10900 17650
WEAPONS SYSTEMS 12850 12950 12600 15500
DECIDE FOR ARCHIVING 12950 13050 11150 18050
EXTRACT TRACKS 13050 13200 11250 18100
MONITOR OWNSHIP POSITION 13200 13700 13150 15650
WEAPONSINTERFACE 13700 13800 13050 15950
FILTER COMMS TRACKS 13800 14300 11400 17900
ADD COMMS TRACK 14300 14400 11900 18800
CREATE SENSOR-DATA 14500 14600 14500 21400
ANALYZE SENSOR DATA 14700 14950 14700 21450
COMMS LINKS 14950 15050 14950 21850
CREATE POSITION DATA 15050 15550 15000 17500
WEAPONS SYSTEMS 15600 15700 15600 18500
PREPARESENSOR-TRACK 15700 15950 15650 22400
FILTER SENSOR-TRACKS 15950 16450 15900 22400
MONITOR OWNSHIP POSITION 16450 16950 16150 18650
WEAPONS INTERFACE 16950 17050 16050 18950
ADD SENSOR TRACK 17050 17550 16400 22900
PREPARE PERIODIC REPORT 17550 18050 16900 23400
CREATE POSITION DATA 18050 18550 18000 20500
MAKE ROUTING 18550 18850 17400 24100
EAPONS SYSTEMS 18850 18950 18600 21500

FORWARD FOR TRANSMISSION 18950 19050 17700 24600
CONVERT TO TEXT FILE 19050 19150 17800 24700
WEAPONS INTERFACE 19150 19250 19050 21950
MONITOR OWNSHIP POSITION 19250 19750 19150 21650
PARSE INPUT FILE 19750 20000 17900 24650
DECIDE FOR ARCHIVING 20000 20100 18150 25050
EXTRACT TRACKS 20100 20250 18250 25100
FILTER COMMS TRACKS 20250 20750 18400 24900
ADD.COI§STlCK 20750 20850 18900 25800
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VL CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

This thesis intended to develop a fast heuristic static scheduling

algorithm. Simulated annealing was chosen as a basis for developing such a

static scheduling algorithm because of the promising results simulated

annealing demonstrated in solving other NP-Hard type problems. Simulated

annealing proved to be useful in solving optimization type problems, and the

development of hard real-time schedules is a subclass of this type of problem.

The initial results of the simulated annealing static scheduling algorithm are

promising.

The major emphasis of this thesis was the development of a new static

scheduling algorithm. In addition, this thesis built on previous research

conducted during the development of the static scheduler. Modifications

made to data structures and scheduling algorithms already implemented

improved the performance of the static scheduler portion of CAPS. Several

of the new packages and data structures are generic in nature and are

available to be used beyond the scope of this thesis. This is possible due to the

use of the Ada principles of modularity and software reusability.

This thesis provides a running static scheduler that offers several choices

of algorithms to use to find a feasible static schedule. Additional algorithms

can be added to the static scheduler by using the data structures developed for

this thesis. Additional research and development can continue to build on

the work done in this thesis.
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B. RECOMMENDATIONS

As a result of this thesis, several weaknesses and areas requiring

improvement within the static scheduler were identified. Many

shortcomings were corrected, but others require further effort. Due to the

complexity of the static scheduler, all problems identified were not corrected.

In the current static scheduler, no differentiation is made between data

flow and sampled stream data links. The performance and results of all

scheduling algorithms would most likely improve if this information were

utilized.

The algorithm described and implemented in (Coskun, 1990) that

calculates periodic equivalents for non-periodic time critical operators merits

further examination. This algorithm is based on a theorem described in

(Mok, 1985). Linked list data structures are used in the algorithm when arrays

could suffice, saving execution time. Four separate linked list traversals are

made in this algorithm. The performance and output of this indicate that it

could be improved.

The development of a PSDL data type implemented in Ada will simplify

the package FRONT-END described in Chapter IV of this thesis. When this

package is available (see S. Baromoglu, The Design and Implementation of an

Expander for the Hierarchical Real-Time Constraints of Computer-Aided

Prototyping System (CAPS), Master's Thesis, Naval Postgraduate School,

Monterey, CA, September 1991) the FRONTEND package should be

modified to use the PSDL datatypes to provide input to the static scheduler.

Once this occurs, the requirement for the ATOMIC.INFO file becomes

unnecessary.
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APPENDIX A. CASE 1 TEST DATA

Precedence Graph, Test Case 1

ATOMIC PERIOD ATOMIC PERIOD D H L
OP_1 30000 OP_6 15000 oP2 oP_4 oP_6
MET WITHIN MET WITHIN 0 0 0
2000 15000 1000 10000 oP_6 oP_6 oP_8
PERIOD ATOMIC PERIOD LINK LINK LINK
10000 OP 4 15000 A E I
WITHIN MET WITHIN OP 1 OP 2 OP 4
9000 1000 12000 0 0 0
ATOMIC PERIOD ATOMIC OP_2 OP 5 OP 7
OP 2 30000 OP 7 LINK LINK LINK
MET WITHIN MET B F J
1000 15000 1000 OP_1 OP_3 OP_5
PERIOD ATOMIC PERIOD 0 0 0
15000 OP 5 30000 OP_3 OP 5 OP 8
WITHIN MET WITHIN LINK LINK LINK
10000 3000 18000 C G K
ATOMIC PERIOD ATOMIC OP 1 OP 3 OP 7
OP_3 15000 OP 8 0 0 0
MET WITHIN MET OP 4 OP 7 OP 8
5000 11000 1000 LINK LINK LINK
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APPENDIX B. CASE 2 TEST DATA

INGTE TRACY. TRACY

CRETE LYEL PPAREec grphL Case 2

SENOIL SENOR SESOR- SNSR - SE52R



ATOMIC 500
COMMSLINKS PERIOD
MET 7000
100 ATOMIC
PERIOD ADD COMMSTRACK
7000 MET
ATOMIC 100
PARSEINPUTFILE PERIOD
MET 7000
250 ATOMIC
PERIOD FILTER SENSOR TRACKS
7000 MET
ATOMIC 500
DECIDEFOR ARCHIVING PERIOD
MET 7000
100 ATOMIC
PERIOD ADD SENSORTRACK
7000 MET
ATOMIC 500
EXTRACT-TRACKS PERIOD
MET 7000
150 ATOMIC
PERIOD MONITOROWNSHIPPOSITION
7000 MET
ATOMIC 500
MAKE ROUTING PERIOD
MET 3000
300 ATOMIC
PERIOD CREATE SENSORDATA
7000 MET
ATOMIC 100
FORWARDFORTRANSMISSION PERIOD
MET 7000
100 ATOMIC
PERIOD ANALYZESENSOR DATA
7000 MET
ATOMIC 250
CONVERTTOTEXTFILE PERIOD
MET 7000
100 ATOMIC
PERIOD PREPARESENSORTRACK
7000 MET
ATOMIC 250
PREPAREPERIODICREPORT PERIOD
MET 7000
500 ATOMIC
PERIOD CREATE POSITIONDATA
7000 MET
ATOMIC 500
FILTER COMMSTRACKS PERIOD
MET 3000
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ATOMIC LINK
WEAPONSINTERFACE COMMS ADD TRACK
MET EXTRACT TRACKS
100 500
PERIOD FILTER COMMSTRACKS
3000 LINK
ATOMIC TDDFILTER
WEAPONSSYSTEMS GETUSERINPUTS
MET 0
100 FILTERCOMMSTRACKS
PERIOD LINK
3000 FILTERED COMMS TRACK
ATOMIC FILTER_COMMS_TRACKS
DISPLAY TRACKS 500
ATOMIC ADDCOMMSTRACK
GET USER INPUTS LINK
ATOMIC - TDD FILTER
MANAGE USERINTERFACE GETUSERINPUTS
ATOMIC 0
STATUS SCREEN ADD COMMSTRACK
ATOMIC LINK
EMERGENCYSTATUSSCREEN OUTTRACKS
ATOMIC ADD COMMSTRACK
MESSAGEEDITOR 500
ATOMIC DISPLAY TRACKS
MESSAGEARRIVALPANEL LINK
LINK SENSOR DATA
INPUTLINK MESSAGE CREATESENSORDATA
COMMSLINKS 800
1200 ANALYZE SENSORDATA
PARSEINPUTFILE LINK
LINK SENSOR CONTACT DATA
INPUT TEXT RECORD ANALYZE SENSORDATA
PARSE-INPUTFILE 500
500 PREPARE SENSORTRACK
DECIDEFORARCHIVING LINK
LINK POSITION DATA
TDD ARCHIVE SETUP CREATE POSITIONDATA
GET USERINPUTS 800
0 PREPARE SENSORTRACK
DECIDEFORARCHIVING LINK
LINK SENSOR ADD TRACK
COMMS TEXT FILE PREPARE SENSORTRACK
DECIDE FORARCHIVING 500
500 FILTER SENSORTRACKS
EXTRACTTRACKS LINK
LINK TDD FILTER
COMMSEMAIL GETUSERINPUTS
DECIDEFORARCHIVING 0
500 FILTER SENSORTRACKS
MESSAGEARRIVALPANEL LINK
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FILTEREDSENSORTRACK GET USERINPUTS
FILTERSENSORTRACKS 0 -
500 MESSAGEEDITOR
ADD SENSORTRACK LINK
LINK TCD TRANSMIT COMMAND
TDD FILTER MESSAGEEDIT-OR
GET__USERINPUTS 0
0 MAKE ROUTING
ADD SENSORTRACK LINK-
LINK TCDNETWORK SETUP
OUTTRACKS GETUSERINPUTS
ADDSENSORTRACK 0 -
500 MAKE ROUTING
DISPLAYTRACKS LINK-
LINK TRANSMISSION MESSAGE
POSITIONDATA MAKEROUTING-
CREATE_POSITIONDATA 500
800 FORWARD FORTRANSMISSION
MONITOROWNSHIPPOSITION LINK
LINK TCDEMISSION CONTROL
TDTRACKREQUEST GETUSER INPUTS
GET USER_INPUTS 0 -
0 FORWARD FORTRANSMISSION
DISPLAYTRACKS LINK --
LINK OUTPUT MESSAGES
OUTTRACKS FORWARD FOR TRANSMISSION
MON ITOROWNSHIPPOSITION 500
500 CONVERTTOTEXT FILE
DISPLAYTRACKS LINK --
LINK INITIATE TRANS
WEAPONSTATUS DATA GET USERINPUTS
WEAPONS_SYSTEMS 0 -
500 PREPARE PERIODICREPORT
WEAPONSINTERFACE LINK -
LINK TERMINATE TRANS
WEAPONSSTATREP GET USER INPUTS
WEAPONSINTERFACE 0 -
500 PREPAREPERIODICREPORT
STATUSSCREEN LINK
LINK TCD TRANSMIT COMMAND
TCDSTATUSQUERY PREPAREPERIODICREPORT
GETUSERINPUTS 800
0 MAKEROUTING
STATUSSCREEN
LINK
WEAPONS EMREP
WEAPONSINTERFACE
500
EMERGENCYSTATUSSCREEN
LINK
EDITORSELECTED
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APPENDIX C. MODIFIED PACKAGES

with VSTRINGS;
with SEQUENCES;
with TEXTJ&,

-. ibis packcae contains ali of t global declaratons and definitons
-. of data structues that are necessary for the Stuti Scheduler

package DATA is

pwackaARSTRING is new VSTRINGS(SO);

subtype OPERATOR-D is VSTRING;
subtype VALUE is NATURAL;
subtype MET is VALUE;
subtype MRT is VALUE;
subtype MCP is VALUE;
subtype PERIOD is VALUE;
subtype WiTHIN Js VALUE;
subtype STARTS is VALUE;
subtype STOPS is VALUE;

sbyeLOWERS is VALUE;
sbyeUPP'ERS is VALUE;

ExMepic...Operator:OPERATOR-D;

TEST..YERWIE: BOOLEAN *- TRUE;

type OPERATOR is
record

THE..OPERATORM OPERATORJD;
THEw.MET :MET := 0;
THE-ART MRT - 0;
THEJVICP MC? := 0;,
THEJPERIOD PERIOD --0.

THE..WMUHN WITHIN: -0;
and recar*

packag V.LISTS is new SEQUENCES(OPERATOR);
useVJImsT;

type SCHEDULEINPUTS is
vmwnit

THE- EAT: INTEGER;
THBJTA: STARTS :- 0,
THE.ST: STOPS -m0;
THEJOW: LOWERS - 0.

THEUPPER, UPPERS: -0;
THEINSTANCE : DEGER -m1;

end recor*

pacage SCHEDULEINPUTSJJST is new SEQUENCES(SCHEDULEJNPUTS);

pacag NODELIST is new SEQUENCES(INTEOER);

NON MIfS :TEXLJOYFIE..YYPE;
AdGdtFRL: TEXTJOFILE-YPE;
Inwr: TEXT-JOFILE-MODE. = TEICUO.INYLE;
OUTPUT TEXT IO.FIE-MODE := TEXTJO.OLtn FILE;
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CuinCL~alue VALUE;
New-.Word :VARSTRING.VSTRING;
Cur-.opt OPERATOR:

OPQOUNT :NTEGER;
0P..LIST :VJJISTSLIST;

end DATA;
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generic
type ITEM is private;

package SEQUENCES is

type NODE;
type LIST is access NODE;
type NODE is

record
ELEMENT : IEK;
NEXTr : LIST -= null;
PREVIOUS :LIST := nult;- (APR 91)

end record,

BAD VALUE : exception;

function EQUAL(L.1 :in LIST; L2: in LIMT return BOOLEAN;

procedure EM7FYQL: out LIST);

function NON.EMqT(L : in LIST) return BOOLEAN;

fbucton SUBSEQUENCE(LI : in LIST, 12: in LIST return BOOLEAN,

function blEMBER(X : in lM; L: in LIST) return BOOLEAN,

procedure ADD(X : in rTM;- L: in out LIST);

procedure REMOVE(X : in ITEM; L: in out LIST);

Procedure LIST..REVERSE(Ll : in LIST; L2 in out LIST);

procedure PRMEJJST(L: in out LIST);,
-(JUL 91) Used by anmllin ad Exhaustve Enumeration to reclaim
-*memory space that is no longer needed.

procedure DUPLICATE(LI : in LIST; U2: in out LIST);

function LOOK4(X: 1n ITMt L: in LIST) return LIST;

procedure NEff(L : in out LIST);

procedure PREVIOUS(L: in out LIST);-0 APR91)Use byamemiling

function VALUE(L: in .IST) retinIEM;

prcedure, INSERT-NEXT(X : in ITEM; L: in out LISM)
-. (June 91) Item is inserted in pope position in lUs

Im0cedure REPLACEJI*EM(X : in rrEK- L : in out LIST1);
-. (JUL. 91) Used by anealling

prMedure COPY..LIST(I : in LIST; L2: in out LIST);
-. (JUL 91) Used by amefling lo reclaim memory that is no longe needed

at SEQUENCES,
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with UNCHECKEDDEALLOCATION;

with TXT I, -* sest(Apr 91)

package body SEQUENCES is

pragma LJNK_WJH'heaplibsprc.ar");

procedure FREE is new UNCHECKEDDEALLOCATION(NODE. LIST);

function NON _EMPITY(L: in LIST) return BOOLEAN is
begin

ifL= null then
return FALSE;

else
return TRUE;

end if-,
end NONJEMPUTY;

rocedure EXT(L: in out LIST) is

ifL tonull hen
L:= .NEXT;

end if,
end NEXT;

prcedure PREVIOUS(L: in out LIST) is This procedure was added 10 Apr 91
null to allow the annealing routine to"ieL /6 null then -*traverse through Agenda in Revere

L:= L.PREVIOUS; - order.
end if,

end PREVIOUS;

function LOOK4(X: in rIEM; L: in LIST) return LIST is
LI : LIST :- L,

begin
while NONEMPTY(L1) loop

ifLI.ELEMENT = X then
return LI;

end if,
NEXT(LI);

end loop;
return null;

end LOOK4;

procedure ADD(X: in ITEM L: in out LIST) is
-- ITEM IS ADDED TO THE HEAD OF THE LIST

T: LIST := new NODE;

T.PREVIOUS :=nul; -0 (Apr 91)
ifL = null then

T.NEXT :- nulk
else

T.NEXT ,- L;
L.PREVIOUS := T; -0 (Apr 91)
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end if,
L .=T;

end ADD;

function SUBSEQUENCE(L1 : in LIST; L2: in LIST) return BOOLEAN is
L: LIST:= LI;

begin
while NONEMPrY(L) loop

if not MEMBER(VALUE(L), L2) then
return FALSE;

endif,
NEXTL);end loop;retrnm TRUE;

end SUBSEQUENCE;

function EQUAL(L1 : in LIST; L2: in LIST) return BOOLEAN is
begin

return (SUBSEQUENCE(L1, 2) and SUBSEQUENCE(L2, Li));
endEQUAL;

mocdureEMPTY(L: out LIST) is

end EMFrY;

function MEMBER(X: in ITEM; L: in LIST) return BOOLEAN is
begn

if LOOK4(X. L) /= null then
return TRUE;

de
return FALSE;

end if,
end MEMBER;

procedure REMOVE(X: in ITEM; L: in out LIST) is
HEADER, -0 ADDED ON 21 MAY 91 TO CORRECT ERROR
CURR: LIST - L;

PREV: LIST .- ull;
TEMP: LIST := null;

begin
while NONEMPTY(CURR) loop

if VALUE(CURR) - X then
TEMP .w CURR;
NEXT(CURR);
TEMPPEVIOUS -n null;
TEMP.NEXT :- null;
FREECTEMP;
if PREY /- null then -0 Operator we are removing is within list

PREV.NEXT -= CURR;
else

HEADER .= CURR; --* ADDED 21 MAY 91 TO CORRECr ERROR
end if,
if CURR /- null then --* List contains other items so we must relink

CURR.PREVIOUS := PREV;-* the list in reverse. -* (Apr 91)
end if;

else
PREV :- CURR;
NEXT(CURR);

end if;
ad loop;
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if NON..EMPT(HEADER) hen-0 How do we handle remval of first item in lIst
L.*- EEADEUk -0 ADDED 21 MAY 91 TO CORRECT ERROR

else -0 diagnostics 2 Jime 91
L:- CURR; -. diagnosics2iJune 91

end it, - diagnostics 2 June 91
end REMOVE;

procedure LIST._REVERSE(LI in LIST; L2 in out LIS7) is
L : LIST -w LI;

ArPTY0..2);
while NON..EMWTY(L) Ioop

ADD(VALUE(L) 12);
NEXT(L);

end loop;
end LIST... VERSE;

Inceur FREEJIST(L in out LIST) is
CUR LIST -L

TEMP. LIST
begin

while NON_.EMWTY(L Imop
NEX(CURR);
if NON-EMPTY(CUIRR) then

CUIRR.PREVOUS -- nuo]%
end ff-
L.NEXT - null;
FREE(L);

endFR9IST.

prce-r DLULCATE(L1 in LIST; U2: in out LIST) is
TEIMP: LIST :- null;
L : LIST - Li;

while NON NT(L) W
ADD(VALUEL). 7EW.

end loop;
LISTREVERSECIMP, U2);

end DUFLICATE

fiuction VALUE(L: in LIST) reur IEM is
bfyO-MML then

reur LEblMNT;
else BADYALUE;

ad ff.
end VALUE

procedure INSERT-.NEXT(X : in ITEM L: in out LIST) is
T : LIST := new NODE;

!TLEMENT -- X.
if NON-EMPTY(L) the

ff LNEXT/- null then
LNEXTMPRVIOUS :m T;

end if-,
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T.PREVIOUS := L;
T14ET : L.NEXT;
L.NEXT T.

end if-,
L -m T;.

end INSERTYNEXT;

procedure REPLACEJTrEM(X : in nTMK- L: in out UISI) is
begin

L.ELEMENT. 11
end REPLACEJrEM

procedure COPYJMS(L1 : inULST;12: in out LIST)is

CURR LIST:-Ll;
HEAD, LIST 12-.
TEMP. LIST;,
PREV: LIST

begin
while NON-.EMPY(CURR) and NON..EMPTY(L2) loop

ILI TELEMT:= VALUE(CURR);
NEXT(CURR);
PREVY 1.2;
NEXT(I.2);

-HANL CASE WHEN U2 IS LONGER THAN LI;
if not NON..EM(CURR) and NON-EMMT(L2) then

PREVMNXT *- null; -* DISCONNECT' EXCESS FROM U2
while NONEMPTY(L2) loop

7EMP - L2;
TEMP.PREVIOUS -m null;
NEXT(L2);
7EMP.GXT:- nulL;
FREECIPEMP);

end loop;
-HANDLE CASE WHEN LI IS LONGER THAN U;,

eWf NON-E&WIY(CURR) and not NON..EM~T(L2) then
whil NOKFEM(CURR) loop

TEMP - new NODE;
PREV.NEXT - MP.
TMW.ELFEEI:= VALUIE(CUJRR);
TEWMP.VIOIUS =m PREV;
PREV -m TEMP,
NEXT(CURR);

and loop;
end if,
L2.=HEAD;
id COPY.LST

eid SEQUENCES;
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with TOCT-JO
with DATA;
with SEQUENCES;
with FRONT-END; wse FRONT-END;

pacage TOP-SORT is

procedure T_.SORT(PRECEDENCEjJST: in out DATA.NODE_.LIST.LIST;
COUNT: in INTEGER);

Thi prcdree sort of the operators that are in

end TOPSORT;.

package body TOPSORT is

procedure T3_ORT(PRECEDENCE-.UST : in out DATA.NODE...LSTIST;
COUNT : in INTEGER) is

packag inio, is new TET Ojog(integer);
Use inujo,

rype DEGREES is army (O..COUNT) of INTEGER;

IN..PEGREE. DEGREES- - Indegree, Army wsed n sorting

package QUEUES is new SEQUENCES(INTEER).

PARENTUST : DATA.NODEJJST.11ST;
CHILD-.LIST : DATA.NODE...LSTJJST;
PARENT-COUNT : INTEGER;
CHILD-COUNT : INTEGER

QUEUE : QUEUES IST;.
HEAD : QUEUES1UST;

REVERSED.YRECJLIST : DATA.NODE-ULSTLIST;

for OP in l..COUNT loop
FRNEDEGRP.ERYAET.IT(PARENT..LIST. OP. PARENT..COUNT);
IN._DEGREE(OP) =- PARENT-COUNT;

QUEUEADDOQUEUE); -. BECAUSE OF THE USE OF A DUMMY START NODE THIS NODE
.WILL ALWAYS BE THE FIRSTl ELEMENT IN THE QUEUE WITH
-AN IN..DEGREE OF ZERO.
HEAD := QUEUE;
while QUEUESJ4NN.EMWTY(QUEUE) loop

FRONT-END.NEW.GRAPREURLCHLDJJST(CHLD-JST, QUEUES.VALUE(HEAD),
OUILD-COUNT);

while DATA.NODE..LIST.ONEMPT(CHML.LIS1) loop
INDEGRDEATA.NOD.LIST.VALUE(CHILDJS1))

IN-.DEGREE(DATA.NODE-JSTVALUE(CHILD-..IS1l)) -I1;
if IN..DEGREE(DATA.NODE...LST.VALUE(CHILDJJS7)hm 0 then

QUJESADD(DATA.NODEU.JST.VALUE(CHD...LISI), QUEUE);
end if;,
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DATA.NODE-JSANMX(CH[IJ. Si);
end loop;
DATA.ODEJSTADD(QUEUES.VALUEWHAD), REVERSED PREC _LIST);
QUEUE MV(QUEUES.VALUE(HEAD). QUEUE);
HEAD):= QUEUE;

end loop;
DATA.NODE..LISTLUITREVERSE(REVERSED~pRECjJIST, PRECEDENCE_ UST);

end T SORT;,

end TOP..SORT;

64



with DATA. wse DATA,

package PROCESSOR is

proceduie FIND _PERlODS(PJJST: in out V..LSTSfLSI);

procdum VALIDATE-DATA (OPJJST : in out V...LSTS.IST);

NOT-FEASIBLE :exception;
CRT...OP_..LACKS-MET :exception;
METYNOT..XESSTHANYERIOD :exception;
MET NOTLESSTHANv1RT :exception;
MCP..NOT..XESSTHANJART :exception;
MCP_~LESSTHAN..MET :exception;
MET IS..GREATER..THAN YINISHWITHN :exception;
s~Ra06fQOPLAfts-.mtP :exception;
SPORICOPLACKS_MRT :exception;
PERIODJESS_.IIANYISH_.WIIN :exception,

eud PROCESSOR,
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with TEXT10;

with DATA; use DATA;

pwkg body PROCESSOR is

pocedure FINDPERIODS(OP_LIST: in out VLISTSJ.IST) is

TARGET : VLISTS.LIST;
N : NATURAL:= 0,
L: FLOAT := 0A.
NEW.JERIOD : NATURAL :0;
OP : OPERATOR;
C: FLOAT;
FIRST : BOOLEAN := true;
FOUND : BOOLEAN := false;
FRACTION :NATURAL;
FR_(.CD : NATURAL;
LCM : NATURAL;
UNIT : NATURAL;
ALPHA : FLOAT;
GCD : NATURAL;

pca LIO is new TEXT.INTEGERJO(NATURAL);

pocedure CALCULATE_NEW_PERIOD (0 in OPERATOR;
NEW.PERIOD: in out NATURAL) isDIFFERENCE :NATURAL;

VALUEJO is new TEXTONTEGER-IO(NATURAL);

DIFFERENCE - O.THE_MRT - O.THE_MET;
if DIFFERENCE < O.THEMCP then

NEWPERIOD := DIFFERENCE;
ele

NEWERIOD: O.THE-.MCP;

md CALCULATE.NEWPERIOD;

function FINDQGCD (SMALL: in VALUE; LARGE: in VALUE) rem VALUE is
REMAINDER: VALUE . SMALL;

if LARGE rood SMALL - 0 then
remn REMAINDER;

elm
REMAINDER:- FINDGCD(LARGE mod SMALL, SMALL);
retun REMAINDER;

end if-
end FIND_GC.,

function FIND..LCM (NUMBER1, NUMBER2: VALUE) retun VALUE is

resurnONUIMBER * NUMBER2) / GC)D;
end FIND_LCK

faction REDUCETO_.EVEN_FRACTION( GCD, PERIOD: NATURAL) rem NATURAL is
N: NATURAL := GCD / PERIOD;
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if N 0PERIOD -GCD then
tuunN;

else
F-- rN+ 1;

end REDUcEO.EVEN-RAcTiON;

- RTPASS
- Calculates the load fator for all periodic operators, and greatest common
- divisor of die periods of the periodic operators

TARGET := OP-1.ST;
while VJSTS.NON-EMFY(TARGET) loop

OP :w VjJSTS.VALUJE(TARGET);
if OP.THE~vIET -0 then

ExcptonOprar - P.THE..OPERATOR.D;

0li P.THE PEROD /- 0 then - a periodc operator
L --L +FLOAT(OP.THEAET)FL AT(OPTHE.YERIOD);
ifFIRST thn

GCD -wOP.THEJPERIOD;
FIRST:- false.

de
if (3CD > OP.THEJERIOD then

GCD.- FIDCD(P.THEJERIODGCD);
de

OCD -= FIDGCD(CD.OP.THEJPERIOD);
and if,

end if-,
end if-,

V...ISTSNEXT(TAROET);
end loop;

- SECOND PASS
- Finds the total number of qiidic opeators (N)
-For the sporadic opsuulora with user defined MRT or MCP values, calculates

- the undefined value of MCP or MRT with given MRT or MCP
- And finds tho wit facwKrUNrT for doe sodic operators with user defied

-MCP or MRT with calculated periods le= di.CD found above

TARGET mwOFjJST,
FIRST.-=rue;
while VJJSTSRNONEMPT(TARGET) loop

OP:-- VJTS.VALUEFARGEI);
if OP.THE.YERIOD -=0 then - a sporadic oerator

if OP.THE-.MCP /6 0 and OP.THE...MRr 0te
OP.THEJRT :- OP.THEMET + OP.TJHEjv1CP,
TAROETI.EEEN.THEMT- OP.THEMRT;.

elsif OP.THEJ4MCP - 0 and OP.THE-WRT in-0 then
OP.THE..MCP -a OP.THE-iIRT - OP.THEWET;
TAROETE.EMENT.T1HE.MCP.- OP.THE-MMP

if OP.THBMCP/- 0 and OP.THEJ,4RT /1-0 then
CALCULA7EhJ4EW FEROD(OP,NEW PERIOD);
if NEWJERIOD < OCD then

FOUND - aum;
FRACTION := GCD~tEDUCF. To EVEN FRAcTION(GCDINE PEROD);

if FIRST then
FRGQCD :- FRACTION;
LCM.- FRACTION;
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FIRST :- false;
else

if FRACTION > FR..GCD then
FR..GCD :- FINqD..GCD(F&jGCD, FRACTION);

ellse
FR_.GCD -- FIDt.GCD(FRACIONFR..XD);

end if;
LCM -- FIND..LCM(LCMFRACTION);.

end if-,
endif-,

ellse
N:=N+ 1;

end if.
end if,
VJSTSMNET(ARGE1).

ifFUDthen
UNIT - LCM

else
UNIT -GCD&

endIf

- THIRD PASS
- Ccates and wri"e the periods for the sporadic opertos with user defined
- M[CP or MIRT by usin the UNIT factor calculated above. Modifies the load faictor
- L calculated.m the fit pas. Finds coefficient ALPHA.

TARGET := OP LIST;,
while VJ.J T.NONEMPTYCI'ARGET) loWp

OP --VJSTS.VALUE(TARGE 1);
if OP.THEJPER1OD - 0 then - a sporadic operator

if OP.7W-jt1RT /- 0 and OP.TH1EJACP /- 0 then
CALCULA1ENW PERIOD(OPNEW-ERIOD);
NEWPERIOD :- NEW-PERIOD - NEW. PERIOD mod UNIT;
OP.THEYPERIOD :m NEWYPERIOD;
TEhVTjO 2UTC'New PERIOD for opertor")
VARSTRING.PKF(OP.THE-OPERATOR.ID);
TEXTJIOPUTCis");
UOPLJW(NEW-PERIOD,l);
TEXTjO.NEW..LINE,
TARGET.EEMENT.THE..PERIOD :- OP.THRE.ERIOD,
L - L + FLOAT(OP.THEMETYlFLOAT(NEW.YERIOD);,

end it
and if.,
V-JJSTS.NEXT(TARGET);

if L < .5 then
Cm -0.5;

elsiL >- 0.5 andL < 1.0 then
C :- (1.0 +L) /2.0-,

ae
-am NOT-JEASEBLE;

end if,
ALPHA.- RLOAT(N)/(C - L) + 1.0-
if ALPHA <2.0Othen

ALPHA :m 2.0;
end &.

FOIURTH PASS
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- Calculates and writes tie PERIOD, MRT, MCP values for dhe sporadi operators
- without user defined MCP or MRT values

TARGET := OPJJLST-
while VJJSTS.NONEMPTY(TARGET) loop

OP -- VJJSTSVALUE(TARGET);
if OP.THEPEROD m 0 then - a sporaic operator

if OPTHE vIRT mO0and OP.7HEMCP m=0then
OP.THECi4RT := NATURAL(ALPHA) * OP.THEbMT;
OP.THE-MCP: OP.THE-MRT - OP.THE-hdET;

if (OP.THEMCP / UNIT) * UNIT /- OP.THEJACP then
OP.THE.JPERIOD -m OP.THE..MCP + UNIT - (OP.THEJ-iCP mod UNIT)

else
OP.THE)JERlOD :m OP.THE-MQP;

aid if,
TEXT-JOYtMrCNew PERIOD for operator ");
VARS7ThNGPrW(OP.TIHE..OPERATOR-JD);
TEXTOYMU(m is ");
LIOPT(OPTHEYERIOD-l);
TEXTIO.NEWJLINE;

end it
and if-,
TARGETELMENT.THEYERIOD :- OP.THE-PERIOD;
TARGET.ELEENT.THE MRT :- OP-THE MRT;
TARGET.LMT.TtE-McP -- OP.TECMCM1P'
V..LISTSNET=ARGET);

end loor,
end FIND. PERIODS;

procedure VALIDATEDATA (OPJST: in out V.LISTS1)M is

TARGET: VJ.JSSJ.JT;,
paickage VALJO isnew TEXTjJNTEGERJO( VALUJE);

TARGET -- OPJ.IST;.
while VJJSTSSONEMPY(TARGET) loop

- ensurethat there 'ano opeauzowithout an MET.
if V..UST.VALUE.(TARGET).THE M1ET m 0 then

ExcetionJo :W V USTS.VALUErTARGE7.THE-OPERATORID

if VJSTS.VALUE(TARGET).TE7M PEO -0 then

E.CqbmhU w VISSVALUEARGET).TEOPERATOR ID;

elsif VJJSTSVALUE(TARGET).THE MET >
VJJSTS.VALUE(TARGE1).THE-MCP then
Exce io..O tror.:- V..LIST.VALUE(rARGE1).THEOPERATO)RID;
low M -j..SJHA..MET

and if-,
-- Check to ensure dot MRT has a value for sporaicoeros

if V...U .VALUE(TARGE.THMRT - te
ExCepeion.perator :- V_.LISTS.VALUE(rARGE1).TH-EEOPERATOR I;
raise SPORADIC..0P-LACKS-MRT;

end if.,

-Check to ensure dhat the MRT is greater than the MET.
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if V LIST S.VALUE(TARGE7).THE,_NET > V...LIST.VALUTE(TARGET).TH[E_MRT then
Exception-Operator := V..LISTS.VAL JE~ARGET).THE...OPERATOR ID;
raise METYOTJESSJRANbRT,

end if..

- Guarantees that an operator can fiue at least once
- before a response expecte

if V...LSTS.VALUE(AROET.ThE...MCP > VJJLSTS.VALUETARGETI).THE MRT then
Exception..Operator :- V..,LIST.VALUE(ARGE).THELOPERATOR.D;
raise MCP_.NOT_.LESSJ7HAN..jRT;

aid if-,

-Check to ensure that the PERIOD is greater tha the, MET.
if VjST S.VALUE(rARGE).THEMETr> VJ.JISTS.VALUE(TARGET).THE _PERIOD then

ExceptiolLOperator :- VUSTS.VALUE(TARGET).THE...OPERATORJD;
raise Nfi~lROT_.LESSJHAL.PERIOD,

end if-,

4- Check to ensure that the FINISHVVITHIN is grater than the MET.
if V LISTS.VALLJE(TARGET).THE_WlTHI /= 0 then

if V USTS.VALUE(TARGET).THE..MET > VJJLSS.VALUE(TARGET).TiEWiTHN then
ExcepionOperator := V..L S1S.VALUE(TARGET).THE..OPERATOR-ID;
raise WTISGREATER-HANlmlsH..wIN;

elaif V...U S.VALUECFARGEWFHME-ERIOD <
VJJSTS.VALUE(ARGE).THE.WITHN then

ExceptionOperaor:- VJJSTS.VALUE TRGET).THE..OPERATOR ID;
raise PRlOD.LES..HANYFBiNH.wmTHIN

end if-,
end if.

end it~

V..LlS73EXT(TARGE7);

edV'M&DATE-DATA;

mid PROCESSOR;
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APPENDIX D. NEW PACKAGES

with TEXTIO;
with DATA, use DATA.

-. This package contains the ifications for a graph data smuctume th can
- renresent an cyclic graph. Futions and us exist to access the
-* infomation that is stored in the graph as well as t fnd out the relationships
- between vertices in the grp.

generc

package NEWDATASTRUCTURES is

type GRAPH (SIZE: INTEGER) is limited privat;

type GRAPH_LINK is access GRAPH;

THE-GRAPH : GRAPHJ.NK;

prucdur PRODUCEOPARRAY (INFO.LST: in out VSTSJ.LIST;
COUNT in INT GER);

- Tansfer ope info from lined list o aray

funim OPPOSITION (OPNAME : in VARSTRING.VSTRNG;
COUNT : in INTEGER) return INTEGER;

- Given an opeator ne ntum the opmt's position in the array

procedure PRODUCEOPMATRIX (COUNT in INTEGER);
-* Crea a Matrix to represen the acyclic graph of operator relationship

function OP..RETURN (OPJOSMON: in INIEGER) eu OPEATOR;
-0 Given an operator's position in die way, rtun the operator

functiom IS.PARENT (OPI : in INTEGER;
OP_2 : in INTEGER) reurm BOOLEAN;

- Return ue if OP_ is a parent of OP..2 or if OP_ is OP.2

function ISCHILD (OPI : in INTEGER;
OP_2 : in INISGER) return BOOLEAN;

- Retun re if OP_l is a child of OP-2 orif OP.) is OP_2

prpcedr RETLJRN.PARENTLIST (PAR.TJLIST : in out NODELISTJ.JST
OP : in INTGER;
COUNT : in out INTEGER);

- Return a list all die prents of an operahi

procedure TURNCHUDJLST (CHILDLLST : in out NODELIST.LIST
OP : in INTEGER;
COUNT : in out INTEGER);

- Retrn a list of all the children of an operator

pocedr FREEGRAPH (AGRAPH: in owA GRAPH UN_ );
-0 Free the emnory space used by the graph

type IN)._ARRAY is way (INTEGER range <>) of OPERATOR;
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type MAIX..OPJFO 
recod
PARENT INTEGER :m -1;
CHILD :InEER :- -1;

end wecrd

type MATRI is away (INTGER range <4NTEGER range <>) of MATRD(.OPNFO;

type GRAPH (SIE: INTGER) is

OPARRAY :INFO..ARRAY(O..SJE);
OPJAMAIM MATRI(O..SIZE, O..SJE);

end record;

end NEW-.DATA_-STRUCTURES;
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with UNCHIECKED_-DEALLOCATION;

package body NEW.DATA.STRUCI1JRES, is

pragma LIhJK-AWTH ("heaplibsparcar');

procedure FREE is new UNCHECKED..DEALLOCATION(GRAPH GRAPH-LNK)

package int~ao is new TEXTJO.integer~io~integer);,-put in for debugging
use inLjo;

procedure PRODUCE-OP-ARRAY (INFOLIST :in out VjJSTS.LIST;,
COUNT :in INTEER) is

HEAD VJJISTS.IST := INFO LIST;

function MAKESTARTNODE return OPERATOR is

STARTO0P :OPERATOR;

'TARTOP.THEOPUATORJD -w VARSTRXNG.VSTRC'DUMMY START NODE");
START-OP*THEJAET :- 0Q
START-OP.THEJART :- 0,
START-0P.TIE.McP :- 0;
START..0P.THE_.WTHN := 0;,
return START_0P1,

end MAKESTART.-NODE;

forZ INDEX in reverse L.COUNT loop
THE..GRAPH.OP-ARRAY(INDEX) :- V..LISTS.VALUE(INFO,..LISTI);
V..lSTSNET(INFOJST);.

TIHE-RAPILOP-ARRAY(0 :-- MAKE..START-NODE;
V-LISTS.PREEgST(HEAD), -* THIS LIST IS NO LONGER NEEDED.

end PRODUCE-OP-ARRAY;

function OP-POSITION (0P..NAME : n VARSTRING.VSTRJNG;
COUNT :in INTEGER) return INTEER is

-. This function i upilented now as a linear scan. Its pierformanoe
-. can be improved by using a hashing function. If a hashing function
-is to be used, then the procedure PRODUCE-OP..ARRAY will also have
tobeodfiedf hashingis tobe used 17 July 91

For INDEXm i.COUNT loop..AE

if VARSTRING.EQUAL (FAE
THE-GRAPILOP.ARRAY(INDEX).THIE OPER.ATORJD) then
return INDEX;

end if-,
end loop;,
return -1; -* Oerator is external since it is not in the array.

end OPY-OSMN
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procedure PRODUCE-OP-AATRIX (COUNT in INTEGER) is

COLUMN,
ROW,
PARENT-OP.
CILD-.OP INTEGER;

LINK constant VARSTRING.VSTRING: VARSTRING.VSTRCI.INK");

procedure INITIALIZE (COUNT in INTEGER;
OPJAMATRIX in out MATRIX) is

begin n .CON lo
for OLU in O..COUNT loop

if ROW = COLUMN then
THE-GRAPH.OPJVIATRIX(RO W.COLUMN).PARENT := ROW;
THE GRAPH.OP..MATRIX(RO W,COLUMN).CHILD := ROW;

end if-,
end loop;

procedure INITIALEZE-START-NODE (COUNT :in INTEGER;
OPIAT RJX :in out MATRIX) is

begin
for INDEX in O..COUNT loop

if THE GRAPILOP-MATRIX(INDEX. INDEX).PARENT = INDEX then
THE.GRAPILOPvITRI(INDEXINEX)?ARENT : &0

X1E..GRAP1LOP-MATRIX(OJNDEX).CHID := TH1E_.GRAP1LOP_-MATRIX(O,O).CHILD;
THE...GRAP4.OPMATRIX(OO).CHILD -INDEX;
THEGRAPH.OPJAMATRIX(OJNDEX).PARENT := INDEX;

end if,
end loop;

end INITIALIZE-START-.NODE;

begin
TEXT1JO.OPEN (AG..OUIFILE,INPUT,"atomnicinfo");
INITIAIZE(COUNT, 7HE.GRAPILOPJAMATRIX);
VARSTRING.GET-LINE (AGO0UTFILE, New-Word);
while not TEXTJ-O.END..OFYILHE(A-OLJTFLE) loop

if VARSTRING.EQUAL (NewWordLIN then - keyword "LINK
TEXTIO.SKIP_-LINE(AQ-OUTFIL.E); - skip LINK name
VARSTRING.GET-LINE(AG-OU1FILE, NewWord);
PARENLOP: mOPPOSITION(New-.Word, DATALOP._COUNT);
TEXTJO.SKIP-LNE(AG..OLTIFLE);
VARSTRING.GEr-LINE (AGL.OLUrFILE, New.-Word);
CHILD.0P :- OP_POSMON(NewyWord, DATA.OP_.COUNT);

-when either strignode or ending node of a link is EXTERNAL,
-the link inom= o will not be added to the graph. Assuming
-dont all external date coming in is ready at start time.

if PARENT..OP /- - I and CHILD_.OP /= -1 then
THE..ORAPH.OP_-MATRIX(PARENT.0P,CHIL...OP).CHILD:

TE GRAPH.OP_-MATRIX(PARENTOPPARENT OP).CHILD;
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THE..RAPILOP -MA1RIXAREN7T.0P 'PARENT.OP).CHILD: CHILDOP,
THE.GRAPKLOP..MA11U(PARENL OP,CIL...OP).PARENT:

THE-GRAPKLOP-MATRIX(CHD.PP.CHILDOP)PARENT;
THE..GRAPILOPJAXM(CHD0PCHLDOP)PARENT: PARENT-OP,

end i,
VARSTRING.GET...LNE ( AG-PUIFILE, New..-Word);

else
VARSTRING.GET-.LINE ( AG..OUTILE. New-Word); -- skip a other info

end if,

TEXT-'Ib.CLOSE (AG..OUTFILE);
DMlALIZ-STARTNOD(COUNT, 7WGRAPHO.MMA71IWQ;

end PRODUCEOQP -ATMI;

function 0P..RETURN (OP.YPOSMTIN: in INTEGER) return OPERATOR is

OP :OPERATOR,

P : HE.GRAPIaOP...ARRAY(OPYOSMON);
return OP.

end OP RETURN;

function ISPARENT (OP-1 :in INTEGER;
OP...2 :in INTEGER) return BOOLEAN is

-Return trueif OPJ is a paentof OP.2 or if OPis uOP.2

PARENT BOOLEAN := false;

begin
if OP-1 - OP-.2 then

PARENT :- mwe
elsif THE GRAPH.OPJAMATRIX(OP , OP..2).PARENT 1=-1 then

PARENT:=mae;
end if.
return PARENT,

end ISPARENT,.

function IS...CHILD (OP1 in INTEGER;
OP...2 :in INTEGER) return BOOLEAN is

-Reurn true if OPJ is achild of OP 2 orif OP1 isOM-2

CHILD :BOOLEAN := false;

if7 1f - OP.,.2 then

CHILD *- aru;
elsif TEGRAPLOP..MATIM(OP-.2, OPJ).CHILD I-1 then

CHILD:= true
end if,

reur CHUM.
and I&.CHILD;

procedure RETURN-PARENT-LIST (PARENTLIST :in out NODE_-IST.LIST;
OP :in INTEGER;

COUNT :in out INTEGER) is

ROW :INTEGER :- OP,
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COUNT: :- ,
while THE GRAPILOP-MATRIX(ROW, OP).PARENT /I- OP loop

NODEJJSTM)D(THE-GRAPHOPMATRX(ROW, OP).PARENT, PARENT LIST);COUNT:*- COUNT + 1;
ROW := THE.-GRAPILOP-MATRIX(ROW, OP).PARENT;.

end loop;
end RETUJRN PARENTLIST;

procedure RETURNCHILDJ.JST (CH[LJJST :in out NODJST.LIST;,
OP :in INTEGER;
COUNT :in out INTEGER) isCOLUMN INTGER: OP,

CON -m 0;
while THREGRAPILOP..MATRIX(OP, COLUMN).CHILD I-- OP loop
NODEJ4STADDnfGRAPH.OJFPMTR(OP, COLUMN).CHILD. CHILDLIST);
COUNT:- COUNT + 1;
COLUMN :- HE..GRAPILOP...MAIX(OP, COLUMivN).CHILD;

end loop;
end RETURN CHILD LIST;,

procedur FREE-GRAPH (A-GRAPH: in out GRAPHJLJNK) is

begin
FREE(A.GRAPH);

end FREE...GRAPH;

end NEW-DATA..STRUCTLJRES;
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with TEICT-1O
with DATA.~ use DATA.
with NEW.PATA-.STRUCTURES;

package FRONT-END is

pocedur PRODUCE_PIST(INFOjJST :in out VLISTS LIST;
COUNT :in out INTEGER);

-. Extract the operawo information frt the ATOMICINFO file
-and place it in a linked list.

poedure, TEST..DATA (INPLLIST :in VJJSTS.LIST;
HARMONIC..BLOCK LENGTH :in INTGER);

-Determine if the operaor can be feasabily scheuled on a single
-. processor system.

packag NEW-GRAPH is new NEW-.DAT&.STRIJCTURES;
-Instantiate the graph dama strucnhre so that it can be accessed by
-. the res of the Static Scheduler.

NUME.OF.OPERATORS: INTGER;

evdFRONTEND.

package body FRONT-END is

procedure PRODUCE-.OPJJIST (INFQ..LIST :in out VLISTS.LIST;
COUNT :in out INTEGER) is

- This procedure reads the output file which has the link information with
- the Atomnic operaor and deenig upion the keywords that are declared
- as constants sprtsthe' ination m the file and stores it the
- opeorw army and the link matrix.

package VALUE-1O is new TEXT_1INTMEERO( VALUE);

NET :constant VARSTRINO.VSTRING :- VARSTRING.VSTR("METO);
MRT :constant VARSTRINGNVSTRING :m VARSTRINGYSTRCMT");
MCP :constant VARSTRING.VSTRJNG :- VARS7RING.VSTR('MCP-);
PERIOD :constant VARSTRING.VSTRING :- VARSTRING.VSTRCPEROD");
WITHIN :constant VARSTRING.VSTRING :- VARSTRIN0.VSTRC WlTHlN');
LINK :constant VARSTRING.VSTRING :m VARSTRING.VSThCILINKj);
ATOMIC coMnstuIt VARSTRING.VSTRING :- VARSTRING.VSTRC-ATOhflC-);
EMPTY :constant VARSTRIN.VSTRING := VARSTRING.VSTRC EMPTY")

oCg"Vur INITIALIZE..OPEPRATOR (OP: in out OPERATOR) is

O.THE NRT - 0,
OP.THECjdcP- &0
OP.THEPE3IOD := 0;
OP.THU.WITHIN- 0;

endvanIAL7E-OPERATOR;
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ItXT1OOPEN (AG..OLUrFIEjNPUT,"atomicjinfo-)
TEXT-O.CEATE(NONCRrS.OUTUT"non-cris");
COUNT :- &0
VARSTRING.GET...LINE (AG...OUTFILE, New-..Word);.
while not TEXTJOENDOFFILE(AGOT1ILE) loop

if VARSTRJNGEQUAL (New..WordLIK the - keyor "LINKTEXTIOSKP..LlN(AG..ouTFIE); - Ski oIe INK
TmXjoSKHP..LDNE(AG..OY1FE); - info for now.
TEXTJO.SKP-.LINEAG..OUTFILE);

TETJOSKIPLINE(AG-Q.UTMIE);
VARSTRING.GET-LJNE ( AGO0UTFLE, New-.Word);

eLsif VARSTRING.EQuAL (New..WordATOMfiC) then - keyword "ATOMIC"
VARSTRING.GET-.LINE ( AG..OUTFLE, New_'Word);

Cur THE-.OPERATOR.JD := New-.Wordt
VARRNG.GETLJINE (AG-.OUTFILE, New-.Word).

if (VRSTRING.EQUAL(New-.Word, ATOMIC)) or
(VARSTRhNGEQUAL(NewWord. LMNK) or

CTEXTJO.END..PFJILE(AGOUTFLE)) then
VARSThlNG.PUJTJNE(NON-CRlTS, Cur_..pLTHfE_..OERATORJ]D);

-. Non-periodic Operato, No need to be staticaily Scheduled.
else

while VARSTRING.NOTEQUAL (Ncw...Word, ATOMIC) and - Loop to get
vARSTR1NG.NOTEQUAL (NewWord, LINK) and - timing info

not TEXTJOEDL_FLE(AG_OuT~ff E) loop - Of opeator

if VARSMRNGBQUAL (NewWA then - keyword "MET"
VALUE JO.GET(AG.OUIFILECurinYalue);
I TOKP1.EAGOUTFLB);
Cur...OpLTHEhMT :- Current - alue;

elifVARSTRING.EQUAL (Ncw_.Word>MT) then - keyword "MRT'
VALUE-JO.GET(AG OUIFLE,Cuznem Value);
I XTOSPLINEAG-OUFILE);
Cu-LTEMRT-m CurroaLValue;

Clsif VARSTRING.EQUAL (New.YWordMCIP) then - keyword "MCP"
VALUE-IOGET(AG OtTIFIE,Currnt alue);
TEXT-JOSKIP..LINE(AG..OUTFULE);
Cur-..pLt..MCP :- Cuirentyale;

elsif VARSTRINGEQUAL (Ncw._WordPEROD) then - keyword "PERIOD"
VALUE-JO.GET(AG-OUTFLE,Currnt Value);
TEXTJlO.SK[JlNE(AGOLrFRLE)
Cr0t.HEIOD :- CurrentValue;

VALUE IO.GE(A %O1TR~urat-lC,;
TEXTJG.SKIP LNEAG_OUTFLE);
CuY-OpLTHEWITHIN:- CurrenL Value;

end if,
VARSTPJN.GET LINE(AG-OUTFLE,New' Word);

VLISTADD(Curp.p INOJIST);

INITIALIZEOPERATOR(Qir.9pt);
end if,

end if;

TEXT-YO.CLOE(AG-.OIirFLE);
,NUMER.OF-OPERATORS := COUNT;

end PRODUCE-.OP...UST;
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wocedur TEST-.DATA (INP&UTLIST :in V LJSTSLIST;,
HARMONIC-.BLOCK_LENGTH :in INTGER) is

procedure CALCJOAL.TIME (INPUTJ..ST :in V..LISTSJ.IST;
HARMONICBLOCK_LENGTH: in INTEGER) is

V VJUSTS.LIST = INPUT_LIST;
ITMES FLOAT :-0.0;
OP...TME :FLOAT :-0.0
TOTALTIME : FLOAT := 0.0;,
PER :OPERATOR;
BAD TOTAL TIME : exception;

function CALC-.NOOF-.PERIODS (HRMONIC...BLOCKLENGTH: in INTEGER;
beginH 7MPERIOD : in RNTEGER) return FLOAT is

return FLOAT(HARMONIC-.BLOCKJENGTH) / FLOATMrHEYERIOD);
end CALCNOOFYERMODS;

function MULTIPLY-.BY-.MET (TMES : in FLOAT;
TIHE..MET: in VALUE) return FLOAT is

begin
return TIMES * FLOAT(THEJdET);

end MULTELY_BYMET;.

function ADD-.TO-.SUM (OPTIM: in FLOAT) returm FLOAT is
begin

return TOTALJSM + OPffiM!E;
end ADDJ O_.SUM;

begin -main CALCJOXTALJIME
While V...LSTSN6KEMPI7Y(V) loop

PER:*- V..LISTS.VALUE(V);
TIMES:- CALCOOF.YERIOIDS Q ARMONIC-A.LOCKLENGTH, PER.THE PEROD);,
OP JM:- MULTIPLY..By MET MTMES, VJJSTS.VALUE( V).THE MET),
TOTAL TIME :- ADD-TJO..U (OJM
if TOTALYIME > FLOAT(HARMONIC...DLOCKJ..ENGTH) then

rais BADL_.TOTAL5IME

VJISTS.NEX(V);
end if,

end loop;

when BAD TOTALTIME=>
TEST VERIFIED :- FALSE:
7EhXCIOPUT(The t2ta execution time of the operators exceeds")
TEXTIO.PUTLDI(the HARMONIC. BLOCKJLEGTH");
TEXT IO.NEW..INE;

end CALC1OTAlTIMIE

procedur CALCJIALF _ERIODS (INPUTLIST: in VJJLSTnflST) is
V : V.JJTJS - RNPUT LIST;
HALF PERIOD : FLOAT;
FA.,_HALF_.PERIOD : exception

function DIVIDE-.PERIOD...BY2 (THM-PERIOD : an VALUE) return FLOAT Is
begin

retun FL.OAT(THEpERIOD) / 2.0;,
end DIVDEJEODBY_.2;
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begin --main CALCHALIFYERODS;
while VLISNON,.EMMr(V) loop

HALFYERIOD := DIVIDEYBERIOD BY 2(V USTS.VALUE( V).THEPERIOD);
if FLOAT(V.LISTS.VALUE(V).THE MET) > HALF-PERIOD then

ExceptonLpmr:- V-.LITS.VALUE(V).THE..OPERATOR-ID;
raise FAIL.-ALF-PER1OD,

else
VLISTSNEXT(V);

end if,
end loop;

exception
when FAILJLALFPSRIOD m>

TEST .VFRIFIED -= FALSE;
MRXJO.Ptr (The MET of Operator 1);

VARSTR1NGYUT (Exception-Pperator);
TEXTJOPLTJLINE (" is greater than half of its period.");

end CALCJIALF.PERIODS;

procedure CALCRATIO-SUM (DdnPIY..LIST: in VJ..STS LIST is
V :V-LISTS.I.ST - INPUT-LJST;
RATIO FLOAT
RATIO..SUM :FLOAT -m 0.0,
THE...MET VALUE;
THE-.PERIOD :VALUE;
RAT1lOJOODIG :exception,

function DI VIE.MET...Y PERIOD (TEMEWT: in VALUE;
7IM-E.YRIOD: in VALUE) remu FLOAT is

begin
return FLOAT(THM.MET) / FLOAT(THE.pmROD);

end DWVIDEvIETA.Y.YERID;

function ADD TO TIME (RATIO : in FLOAT) remur FLOAT is
begin

remw RATIO..SUM + RATIO;
end ADDJOIMOJE;

begin -main CALC-.RATIO0-SUM
while V...LISTSNON..EMWW(V) loop

Th1j_4ET:a VJJSTS.VALUE(V).THE MET;
THEY-ERIOD -- V..LST.VALUE(V).TEPROD,
RATIO :- DI~MEMEBYPERIODMMET.THEER1OD);
RATIO0-SUM -- ADDjOTM(RATIO);
V....STS.NEXT(V);

if RATIQSUM - 0.5 > 0.00000001 then
raise RAT10,TOOQBIO;

end if.,

exception
when RATI0QTOO .BIG =>

TEST-VERIlE6. FALSE;
TEXTJOPUT C'The total MTIPERIOD ratio sum of operators is -1;
TEXTJO.PUTLINE ("greater than 0.5-);

end CALC..RATIO.SUM;

begin -main TEST.,.DATA
CALC TOTALJEMEPUT LIST, HARMONIC BLOCK LENGTH;
CALCHJIALFYEODSMNPUTLST)
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CALC.RATIO..SUAI(UNPr LLM;
end IEST...DATA;

end FRONT..END
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-*This pkaeis a generic priority queue. It requires three parameters to be
-. stan iazed yp of element to be stated in the priority queue, a value
-*to order the queue by, and a function to order the queue with.

generic
typie ELEMENT-1 is private;

tyeELEMENT..2 is private;
with function ORDER-.QUEUE (VALUE-J in ELEMENT-.2;

VALJE_.2: in ELEMENT_2) return BOOLEAN;

package PRIORITYQUEUES is

typoe NODE;
typie LINK is access NODE;
type NODE is
record

CONTENT : ELEMENT-1;
VALUE :ELEMENT-..2
NEXT :LINK;

end record;

function INIT1ALMZE.YRIORTrLQUEUE return LINK;

procedure INSERTJI PRIORnTYQUEUE (ITEM : in ELEMENTJ-;
ORDER-VALUE : in ELEMENT..2;
QUEUE :in out LINK);

function READ..BEST FROM PRIORITY..QUEUE (L in LINK return ELEMENT~l;
-* This fuction reads the heal of th queue withot removing the item

procedure REMOVE..BESTFROM.YR1ORrTY..QUEUE (L: in out LINK);

function NONEMPTY(L: in LINK) return BOOLEAN;

end PRJORffY..QUEUES;

with UNCHECKED..DEALLOCATION;

package body PRIORITY._QUEUES is

procedure FREE is new UNCHECKED-DEALLOCATION(NODE, LINK);

functio INITIALR PRIORIT'Y..UEUE, reaur LINK is

L LINK:= null;

returni.
end INm1ALIZE-PRIOR1T YQUEUE;

procedure INSERT_.INjRIOR1TY..QUEUE (ITEKt in ELEMENTJ-;
ORDER-VALUE :in ELEMENT_2;
QUEUE :in out LINK) is
FRONT :LINK :w QUEUE;
PREVIOUS :LINK -w null;
T : LINK:w new NODE;
OPINSERTED : BOOLEAN := false;
NEW_.FRONT :BOOLEAN :- true;
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T.VALUE :- ORDERYALUE;
whil QUEUE /- null loop

if ORDER.QUEUE(ORDERYALUE, QUEUE.VALUE) the
ff PREVIOUS /M nun then

PREVIOUS.NEXT :- T;
end if-,
T.NEXT -w QUEUE;
OPjNSERTED :r owe;

exit
end if-,
PREVIOUS = QUEUE;
NEWjRONT :- false;
QUEUE := QUEUE.NEXT;,

end low,
if not OP INSERTED and FRONT I-null then

PREVIOUSNEXT := T,
end if-,
UfNEW-FRONT then

QUEUE :- T;
else

QUEUE: -FRONT;
and if

and INSEtT_ IOR TY..QUUE;

fuion READ.)DEST.-FROMPRIORTY..QUEUE (L: in LINK return ELEMENT-1 is

BEST ELEMENT-1;

BEST:= LCONTENT,
return- BEST;

end READ.BRESTJROMRORITQUEUE;

procedure REMOVE.JESTROM_&PRIORITY..QUEUE (L: in oam LINK) is

TEMP- LINK := L;

L - L.NEXT,
FREEMP;

end REMOVE-BEST-FROM.PRIORrY..QUEUE;

functio NON _EbWTY(L: in LINK) return BOOLEAN is

return FALSE;
else

return TRUE;
end if-,

end NON-EMPTY;

end PR1ORITY...QUEUES;
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with DATA, use DATA;

package SCHEDULER is

procedure EARLIEST-START(TOP...SORT in NODE,_LIST.LIST;
AGENDA in out SCHEDULEINPUTS_-LIST.JST;
COUNTr in INTGER;
K-B-LENGTH in INTEGER;
VAUID...SCHEDULE in out BOOLEAN);

procedure EARLIEST...DEADLINE(TOP...SORT :in NODE...LISTLJST;
AGENDA :in out SCHEDULE-JNPUTS-LISTJJST;
COUNT :in INTEGER;
HE LENGTH :in INTEGER;
VALID SCHEDULE :in out BOOLEAN);

procedure EXHAUSTIVEENUMER.ATION (TOP._SORT. in NODE_.LIST.LIST;
AGENDA: in out SCHEDULEINPUTS_)LISTiST
OP._COUNT :in INTEER;
HBLENGTH :in INTEGER;
VALID-SCHEDULE :in out BOOLEAN);

Procedui CREATE..STATIC..SCHEDULE (OPERATOR-LIST: in NODEL.LISTJIST;
TIM-.SCHEDULE INPUTS: in SCHEDULE JNPUTs.LISTIST;
HARMONIC-BLOCK LENGTH: in INTEGER);

end SCHEDULER;
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with TEXJO,
with DATA, use DATA:
with SEQUENCES;
with FRONT..END; use FRONT-END;
with PRIORITY..QUEUES;
with DIAGNOSTICS;

package body SCHEDULER is

pwcedure EARLIEST _STARTCJOP...SORT :in NODE...LST.LIST;
AGENDA :in out SCHEDULEJNPUTS-UST.LIST;
COUNT :in INTGER;
H .B LENGTH :in ITGER;
VALID_.SCHEDULE :in out BOOLEAN) is

package inLio is new TEXT JOinteger-o(integer);
use intjio;

package EsT.PRRIYJUEUES is new PRIORrTY..QUEUES(DATA.SCHEDULEINPUTS,
DATA.LOWERS,
",e4);

PRIOR]TYQUEUE :EST..YRIORrrY..QUEUES.LINK -= null;
REVAGENDA :SCHEDULE INPUI'SLJIST.IST;
T1 SORT :NODEj.ISTLIST: TOPS$ORT;
NEW-NODE :SCHEDULJEJNPUTS;
BESTYODE :SCHEDULE JNPTS;
ADDL.YNODE :SCHEDULEINPUTS;
STOPff.TIE INTEGER: =0;
OP!_UM :INTEGER;
EST :INTEGER;
TEMP :OPERATOR;

VLID-SCHEDULE := tue;
NEW-NODE.THE_OPERATOR := 0;
NEWNODE.THE.LOWER :- H..BJ.ENGTH + 10,
SCHEDULEJNUTSJJUST.ADD(NEWY-ODE. REVAGENDA);
NEW_.NODE.THELOWER := 0;.
NODE,_JST.NEXT(TSORT);
while NODE JIST.NOrtEMPY~r.SOR1) or

ESTYRIORITY _QUEUES.NON EMMr(PRIORIT Y..QUEUE) loop
if NODELlST.NONEM~rY(TSORT) then

OPJ4-UM :- DATA.NODE..LIST.VALUETS0RT);
TEMP : NEW GRAPIFLOP.RETLJRN(OP-NUM);
NEW..NODE.THEOPERATOR :- OPY-UM-

end if.
if ESTPRIORIT_QUEUES.NON.YMPTY(PRIORITYQUEUE) then

DEST.ODE - LST-MORT.QUEU1RAD-DESTFROM..PRTYQUEU(PRIORrlTY QUEUE);,
end if,

if BEST NODLE_1LOWU 'S1DPJTM mnd E iPRIORrY..QUEUES.NON_.EMPrY(PIORITYQUEUE) then
NEWNODE.THE.OPERATOR: BESTNODE.THEOPERATOR;
NEWNODE.THELOWER: BEST_-NODE.THELOWER;
NEWNODE.THESTART := STOPTIME;
TEMP :m NEWGRAPH.OP...RETURN(NEW .NODE.THEOPERATOR);
STOPJIEME :m STOPTIME + TEMPTHEMLET;
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NEWNODE.THE_.STOP. STOPJ-fiM;
NEWNODE .THEJlNSTANCE: BESTNODE.THE_-INSTANCE, + 1;
EST := NEW-NODE.THE-LOWER + TEMP.THEPERIOD;
if EST + TEIP.THEJAET <-- HBLENGTH then
ADDLNODE.THEOPERATOR - NEW..NODE.THEOPERATOR;
ADCDL-NODE.THE.,OWER :- EST;
ADDLJ4ODETHE.JNSTANCE- NEW_-NODE.TH1EJNSTANCE;
Mr )mo~ff-u..DJESMrY.QUHfUADIJ4O ADC-LJ4OMThLOwER PRRZTYUME;

owd if.,
ESTPRIORYQUEUES.REMOVE...BESTROMPRIORrQUEU(RORrY_QUEUE

elsif not NODE-LIST NON-EMPTY(T-.SORT) then
NEWYOE.T _OPERATOR := BEST_.NODE.THM.OPEIRAR

NEW-NODE.THELOWER := BESTNODE.THE..LOWER;
if NEW-NODE.THE-LOWER > STOPTIME then

NEWy-ODE.THE3START: NEW..NODE.THE-LOWER;
else

NEW-NODE.THE-START :- STOPffIME;
endif;

TEMP := NEW-GRAPILOP-RETRNNEW-NODE.THEE OPERATOR).
STOPTIM:- NEWODE.THE_.START + TEMPTHEJAET;
NEW-NODE.THE..STOP :- STOP3IE;
NEw-NODE .THEJlNSTANCE :- BEST-NODE.THE-INSTANCE, + 1;
EST := NEWYODE.THE..LOER + TENF.THIE,-ERIOD;,
if EST + TEMP.THE-MET <- HLB.ENGTH then

ADDL .NODE.THE.OPERATOR *- NEW-NODE.THEOPERATOR;
ADDL!O0DE.THRE-LOWER := EST;
ADDL-NODE.THEJNSTANCE := NEWNDE.THE-NSTANCE;

AW-MnJD1M~ffQM-
end if-,

EST-PRORQUEUESREMOVE-EST-ROM-RIORrrYQUEUE(RORrrY-QUEUE);
else -* Scduling Initial Set of Opemamr

NEWY-ODE.WE..SAR MTOjIME.
TEMP :-NEGAHO.TUNNWOEE.ORTR)
STOPfTIME :u STOPJIMEb + TEMP.THEMNET;
NEW-NODE.THE-STOP.:- STOPTIME;

NEW-NODE.THEINSTANCE -.- 1-,
EST := NEWODETE.START + TEMP.1PEERIOD,
if EST + T~eM.TKE..MK -ILHBJZI(TH or dw NEWNODLT1hE5FART >w TEWPTHEPERIOD thin
ADDL-OEIEOAO NEW-NOPRT~NW ODETIEOPERATOR.
ADDLYO0DE.THE-.LOWER :- EST;
ADDL-NODETIiE-0STANCE -m 1;
wripavuwo ADDLNOULTMLmWE. PftrYjEUE).

end if-,
NODE JST NEXT(T..SORT);

end if-,
if NEW NOD~F-TE STOP > HLB..LENGTH then

VALID.SCHEDULE - fi,
aid if,
SCHEDULE NP1.TIL1ST.ADD(NEW!KODEREV_.AGENDA);,
NEWYODETHELOWER := 0-

end loop;
SCHEDULEJNPUTSJJSTIJSTREVERSE(REV-AGENDA, AGENDA);
SCHEDULEINPUTS LISTFREE LIST(REVAGENDA);
end EARIEST_.START;

procedure EARL .STDEADLINE(TP._SORT in NODE_-LISTLIIST;
AGENDA in out SCHEDULEINPUTSLISTLIST;
COUNT in INTEGER;

L-BENGTH in INTEGER;
VALID SCHEDULE: in out BOOLEAN) is
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packag min-o is new TEXTIOinregenjio(inegcr);
use inLio;

packae EDL-MROR1TY.QUEUES is new PRIORrrYQUEUES(DATA.SCHEDULEJNPWUTS,
DATA.UPPERS,

PRIORT_..QUEUE EDL_-PRIO fYQEESLNK: null;
REV.AGENDA :SCHEULEINPUT&SLISTIST;
T_.SORT :NODE_LIST.LIST: TOP _SORT;
NEW-NODE :SCHEDULE-INPUTS;
BEST-NODE :SCHEDULE-INPUITS;
ADDL-NODE :SC]HEDULEINPUTrS;
STOPJJME INTEGER: 0;
OP-NUM :NTEGER;,
EST :INTEGER;
TEMP :OPERATOR;

VAJJD..SCHEDULE:- true.
NEW-NODE.THE-OPERATOR: -0.
NEW..NODE.THE-.LOWER :- HB-LENGTH + 10;
SCIEDULEINPUT..LISTADD(NEW..NODE,. REV-AGENDA);
NEW-NODE.THEJOWER: -0;
NODBfLSTNEXT(T-SORT);
what NODELUMJON...$WFYC-SOR1) or EDLJRIORrrY-QUEUESNON-EMFY(PRORrfQUEUE) loop

if NODEJJSTNON.ENM(T..SOR) Ome
OP-NUM -- DATA.NODEJST.VALUE(TSOR7D;
TEMP := NEWG-RAPlLOP.RETUJRN(OPJJUM;
NEW .NODE.THEOPERATOR :- OP..NUM;

end ff.
if EDL-PRIORrff QUEUES NON.EMPTY(PRIOR1TY.-QUEUE) then

BESTYODE - EDLJ ORYFYQuEuEREAD..JIT.WOM IRY~fYQURUE(PRORrrIY 2,UEUE)-.
end ff-,
if BESTNODETHELOWER < STOPJIME -d EDL.YRIORrIY..QUEUE.NONJDM r(PRIO~rry.QUEUE) tbm

NEW-ODETHE.OPERATOR :- BEST-ODETHE.PPERATOR;
NEWNODE.TlHE-.LO)WER :- BESTYODE-THELOWER.
NEW-NODE.THEJJPPER -- BEST...NODE.THE-UPPER;
NEW NODETHE..START :- STOPJIME;
TEMP := NEW GRAPROP.RE RNNEW..NODE.THE_OPER.ATOR);
STopjil,6:- sTOPJIMfE + TEMP.T1E_.MIET;
NEW.NO)DE.THE..STOP := STOPJIMEAF
NEW-NODE .THE-INSTANCE:- BEST-NODETHEJINSTANCE + 1;
EST :- NEWYNODETHELOWER + TEMP.THEPERIOD;
if FST + TEMP.THEJ~!ET <w H._RBLENGTH then

ADDLY-ODE.THE.OPERATOR :- NEWYODELTHEOPELATOR;
ADDLNODE.TWELO)WER :- EST.
ADDI,-ODETHEJINSTANCE := NEW-NODE.THfEINSTA-NCE;
if TEMP.THE..wn1IN /- u dhe

ADDLNODE.THEJJPPER -a EST + TEMP.THlEWITHIN - TEMP.THENIET;
else

ADDL_-NODE.THiEUPPER:- EST + TEMP.THE..PERIOD - TEMP.THEjMT;
end if;,
EDN._-POMW_QUEMDBUJJXWY.UU(DLOE ADVLN00E71MUMMMR FJORffYQUEUE)

end &,
EDL.-ORT_QUEUE' S REMOVE.BEST-JROM-PRIORrrYQUEU(RIORIY.QUEUJE);

elsif not NODE -LIST.NONEMVIY(T_.SORT) then
NEWJ4NODE.THEOPERATOR: BEST_.NODE.THE..OPERATOR;
NEW-NODK-THELOWER: BEST-NODE THELOWER
NEW-NODE.THEUPPER: BESTNODE.THEJJIPPER;
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if NEWNODE.THE..LOWER > STOPFIME then
NEWNODE.THE..START := NEW_-NODE.THELOWER;

else
NEWNODE.T7HE_START: STOPTIM;

end if-
TEMP: NEWGRAPH.OP_-RETURN(NEW...NODE.THIE OPERATOR);
STOPJIME- : NEWNODE.THESTART + TEMP.THE-MET;
NEW_NODE.THE..STOP: STOPffIME;
NEW.YNODE .THE_INSTANCE: BEST_NODE.THEJNSTANCE + 1;
EST-.= NEW-NODE.THE-LOWER + TEMP.THE.PERIOD;
if EST + TEM.THE_MET <= H_B_LENGTH then

ADDL...NODE.THE_OPERATOR := NEW..NODE.THE.OPERATOR;
ADDL,_NODE.THE_LOWER: EST,
ADDL_ODE.THEJINSTANCE := NEW _NODE.THENSTANCE;
if TE7MTHE.WITHIN /--0 then

ADDLJ4ODE.THE.JJPPER :- EST + TEMP.THIEYJITHIN - TEMP.THE MET;
else

ADDL - ODE.THE_UPPER: EST + TEMP.THE _PERIOD - TEMP.THEMET;
end if-
DL-.MORMrQEESNENROIQUEUEEADLOE ADDL.NODE.THE UPPU. RrflQUEUE;

end if-
EDL-PRIORIIYQUEUES.REMOVE-BEST_-FROMPRIORYQUEUE(RIORTrYQUEUE)

else -* Scheduling Initial Set of Operators
NEW-NODE.THE-START := STOPffME;
TEMP := NEW .GRAPILOP..RETURN(NEW NODE.THE.OPERATOR);
STOPJIME := STOP_.TIMEf + TEmP.THE -MET;
NEWNODE.T1H.STOP := STOPJ7IMEf;
NEW_NODE.T7HEJINSTANCE := 1;
EST := NEW _NODE.TH1E_START + TEMP.THEPEROD;

iEST + ThFpT.nMT <= H..B_.LENGT or else NEWYODMWE.START >= TEIW.THYEIO Pr e
ADDL,_NODE.THE.9PERATOR := NEWNODE.THiE_OPERATOR;
ADDL,_NODE.THE_LO)WER := EST,
ADDLNODE.TTHE_INSTANCE :w 1;
if TEMAP.THEWITHN /=_0 then

ADDLNODE.THE..UPPER := EST + TEMP.THIEWITHIN - TEMP.THEvIET;
else

ADDL_NODE.THE.JJPPER := EST + TEMP.THE-PERIOD - TEMP.THE..MET;
end if;,
MLIoRQuEED4rNMOrTQUU(ADyOE ADDLNOCB.ThE UPMa, PRrrYQLEUE;

end if;
NODEJJST.NEXT(T-SORT);

end if-,
if NEW-NODE.TE..STOP > H_-BLENGTH then

VALIDSCHEDULE := false;-
end if;
SCHEDUL.EJUTS..LIST.ADD(NEW..NODE, REV..AGENDA);
NEW NODE.T HELOWER := 0;
NEWNODE.THEJ PPER :- 0;

end loop;
SCHEDULE INPUTS_ LISTJ..IST _REVERSE(REV _AGENDA, AGENDA);
SCHEDUL.E_INUTS_.LISTFREE..LIST(REV..AGENDA);

end EARLIEST DEADLINE;

pmcedure EXHAUSTVEENUMERATION ( TOP_SORT in NODELIST.UST;
AGENDA :in out SCHEDULEINPUTSLISTJJIST;
OPCOUNT :in INTEGER;
HBLENGTH :in INTEGER;
VALID-SCHEDULE: in out BOOLEAN) is

package inLio is new TEXTIO.integerjo(integer);
use mnto;
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TEMP :SCHEDULEjNP J.IT.1ST;.
COUNT :INTEGER~z--

procedure TOP..$ORTS (AGENDA in out SCHEDULEJINPUTSLISTLIST;
COUNT in INTEGER;
VALIDSCHEDULE :in out BOOLEAN;
BLOCK..LENGTH :in INTGER) is

type VECTOR is array (1..COUNT) of INTEGER;
]LOC :VECTrOR;
type SCHEDULE..ARRAY is array (1..COUNT) of SCHEDULE-RNPUTS;
P -RRAY :SCHEDULE-ARRAY;
typ TIME..RECORD is

record
OPERATOR :INTEGER;
TIMEJ1 INTEGER;

TIME 2INTEGER;
end recod
type TIM.ARRAY is array (1..OP.COUNT~l) of TIME-RECORD;
START-1ME-.ARRAY TIME..ARRAY;

HOLD :SCHEDULEINPUTS;
TEMP SCHEDULE-JNPLTSUST.JST :- AGENDA;
INDEX INTEGER: 1;
INDEx...1 INTEGER -- 1;,
NODEJ INTEGER;
NODE...2 INTEGER;
MET INTEGER;
POSITION :INTEGER;
STOPIE :INTEGER;
HOLD-STOPJITME INTEGER;
STARTTiME INTEGER;

i : INTEGER :- COUNT;
INITIAL START -TIM: INTEGER;
LOWERBOUNI INTEGER;
ADJUSTED :BOOLEAN: false;

while SCHEDULENPtflIST.NONEMPTfI(EMP) loop
P..ARRAY(INDEX) := SCHEDUL.EJNPUTTS-STVALUE(TEMP);
LOC(INDEX) :w INDEX;
INEX :- INDEX + 1;
if SCHEDULEINPIJIS..LIST.VALUE(IMP.THEJINSTANCE = I then

START1 B) RRAYONqDEX-)0PBRATOR- SCHEDULEJfl'-ST.VALUEcPE..MOPMA0R;
START..ThIB.AY(INDEX).Th4E.:- SCHEDULBJPU3LS.VALU(rEMPTB.START,
STARTTMARRAY([KDM)11MME..2- SCHEDULBJP1-LT.VALUECEM.TE..STO
INDEXJ := INDEX-J+1;

end if,
SCHEDULEJINPUTS-LSTNEXT(TEMP);

end loop;
Whileci> I oop

NODE-1 :- P...ARRAY(LOQQi).THE..OPERATOR;
NODES 2:-P PARRAY(LOC(i)-l).THE_OPERATOR;
if not FRONTENDNEWGRAPHJISPARENT(NODE-2, NODE_1) thent

HOLD: -ARRAY(LOC(i));
if i> 2 thm

STOP-TEME : P..ARRAY(LOC(i)-l).THIE START;
else

STOPJIEME :- 0;

9



end if-,
P_-ARRAY(LOC(i)) := P_-ARRAY(LOC(i)-1);
P _ARRAY(LOC(i)-1): HOLD;
STOP..TME: =0;
for i inl.COUNT loop

if P-ARRAY(i).THEJNSTANCE = 1 then

I/P.ARAYQ)THE-OPMATOR = STARTTI1ME_.ARRAYoj).opERATOR then
MET := STARTTIME_ARRAY(J).IME_2 - START.. ThvE.ARRAyo).TDME 1;
PARRAYQi).THE.$TART: STOPffIME;
STARTJIME.ARRAYoj).TME_1: STOPJ-IME;
STOPJ_~fiME STOP...TIM + MET;
STARTIME-ARRAY(J).TIME.2 := STOPffIME;
P ARRAYQ).THE...TOP := STOPfImE;
exit;

end if-,
end loop;

else
for I n 1..OPS.OUNT+1 loop

if P.ARRAY(i).THE-..PEkATOR - STARILTME..ARRAY(1).OPERATOR then
PhUIAL-.START JIME := STARTfflTME..ARRAYI).IME-1;
exit;

end if,
end loop;
WAWER_.BOUND :- lN1TIAL..STARTT1ME + ((P-ARRAY(i).THjNSTANCE-1)
NEW _GRAPH.OP...RETUR(P-.ARRAY(i).THE..OPERATOR).THE.YERIOD);
if LOWERBOUND > STOPJIME then

STARTJIlME := LOWE&_BOUND;
else

START-TIME: STOPJ-IME;
end if,
MET:- P...ARRAYQi).THESTOP - P...ARRAY(i).THE...START;
P...ARRAY(i).THE.START:- STARTEM;
STOPfTIE a~ STARTJEM + MET;
P ARRAY(i).THE STOP: STOPffIME;,
f!_ARRAY(i).THE.OWER: LOWER_BOUND;

end if;
end loop;
if P-.ARRAY(COUNT).THE..STOP <- BLOCK.LENGTH then

VALID..SC]HEDULE: true;
exit

end if-,
LOC(i):m LOC(i)-1;
i a COUNT;

if LOC(i) /= i the
HOLD :- P...ARRAY(LOC(i));
forj in LOC(i)..i-1 loop

P-ARRAY(j) := P _ARRAY(j+1);
endlo;
P...ARRY(t):m HOLD;
LOC(i) := k
STOPffIME: 0-
for i n L.COUNT loop

if P..ARRAY(i).TH1EINSTANCE =I then
fo j in L.OP_-COUNT+i loop

irf P.ARRAY(i).THE...OPERATOR = STARI TMEARRAyOj).OPERATOR then
MET:- STARTJTIME-ARRAY(J).TImE_2- STARTTIME_ARRAYO).TIME_1
P..ARRAYQ).TTE..START: STOPJIME;
START-TIME_-ARRAY(J).TIME I := STOPfTIME;
STOP_-TIME: STOPffTME + MET;
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STARI TTIMARRAY(D.TIME_2: STOPIM;
P? ARRAY(i).THESTOP := STOP-IM;
exit

end if-,
end loop;

else
for I n .1..OPCOUNT+l loop

if P...ARRAYQ).TnE...OPERATOR - STARLTIME..ARRAY(1).OPERATOR then
RIIASTARTJIME := STARTJ-IIEARRAYQI).TIMEE1;
exit;

end if,
end loop;
LOWER..BOUND :- INITIA_START_TIME + ((P.AP.RAY(i).TH]E INSTANCE-I)
NEW..GRAPH.OP..RERN(PRRA Y(i).HE..OPERATOR).THiE PERIOD);
if LOWER..BOUND > STOPrI~VE then

START...TIME:= LOWER-BOUND;
else

STARTJIEME: STOPffIME;
end if,
MT :- P _ARRAYQi).THE3TOP - PARRAY(i).THESTART;

P..,ARRAYQi).THE_.START :- START-IME;
STOPJIEME := STARTIME + MET;
P..ARRAYQi).THESTOP: STOPTIME;
P-ARRAY(i).THE_.LOWER := LOWERBOUND;

end if,
end loop;

end if,
i:=i-W;

end if-,
end loop;
SCHEDULEINPUTS UST.FREIE LIST(AGENDA);
for I in reverse 1..OUNT loop

SCHEDULEJNPUTrSJJSTADD(P.ARRAY(), AGENDA);
end op

EARLmEST-START(TOP-SORT,AGENDA.OP-COUNTHIB LENGTHL VALID_.SCHEDULE);
TEMP = AGENDA;
while SCHEDULEJ OM LiIST.NON..EMPTY(rMP) loop

COUTNT:= COUNT + I;
SCHEDULEJINPUTS&LISTNEXT(FEMP);

end loop;
TOP..SORTS(AGENDA. COUNT, VALIDSCHEDULEH...B.LENGTH);

and EXHAUSTIVE..ENUMERATION;

Procedure CREATESTATICSCHEDULE (OPERATORLIST in NODE JISTLIST;
THE-SCHEDULEINUTS: in SCHEDULE_INPUTSSTIT
HARMONICBLOCKLENGTH: in INTEGER) is _S.IT

-- creates the static schedule output and prints to "ssa" file.
OP-LIST NODE-LIST.UIST := OPERATORJJST;
S :SCHEDULEI]NPUTS_LIST.LIST := THE..SCHEDULE_INPUTS;
SCHEDULE :TEXTI.FILE1 _YPE;
OUTPUT :TEXT IO.FILEMODE := TEXTIO.OUTLFILE;
COUNTER : INTGER := 1;
TEMP VAR :OPERATOR-JD;

package VALUELIO is new TExTJOITGER-IO( ALUE);
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use VALUEJO;
package FJO1 is new TEXTIOFLOATJ-O(FLOAT1);
package INTEGERIO is new TEXTIO.INTEGERJO(INTEGER);
use INTEGERIO;

begin
TEXTIO.CREATE(SCHEDULE, OUTPUT, "ss a7);
TEXr-1O.PW-FINE(SCHEDULE. "with GWBAL..DECLARATIONS; use GLOBAL_.DECLARAIONS;")
TEXTJO.PUT LINE(SCHEDULE, "with DS.DEBUG.YKG; use DS__DEBUGPKG;-);
TEXT IO.PUT_LINE(SCHEDULE, "with TL; use iT;");
TEXTDO.PU~LINE(SCHEDULE, "with DS-PACKAGE; use DS-PACKAGE;");
TEXTIOYPUT(SCHEDULE, "with PRIORITY j)EFINITIONS; ");
TEXT IO.PUT..LINE (SCHEDULE, "use PRIORlTY..DEFINmTONS;");
TEXTIO.PUr_LINE(SCHEDULE, "with CALENDAR; use CALENDAR;");
TEXT_IO.PUTLINE(SCHEDULE, "with TEXTJO; use TEXT1jO;");
TEXT IO.PUTLINE(SCHEDULE, "procedure STATICSCHEDULE is");
NODEISTNEXT(OP..LIST); --*' Bypass dummy start node
while NODELLJSTYON.EMTY(OP..ST) loop

TEXTIO.SET-COL(SCHEDULE, 3);
VARSTRING.PUT(SCHEDULE. NEW..ORAH.P.Rt0lRN(NDE...LVALUE(OP...)TE..OPAT0RJD);
TEXT JOPUTLINE(SCBEDULE, "_JIMGEFRROR: exception;");
NODE_4ST.NEXT(OP-LISi);

end loop;

TEXT-IO.SET..COL(SCHEDULE, 3);
TEXTJ -OPUTINE(SCHEDULE, "tak rype SCHEDULETYPE is");
TEXT-1O.SE71CO(SCHEDULE, 5);
TEXTIOJ'ULINE(4FSCHEDUlE, "pragma priority (STATIC...SCHEDULEY-RI )RITY);");
TEX(TIO.SET...COL(SCHEDULE, 3);
TEXTIOYI'UTJINE(SCHEDULE, "end SCHEDULETYPE;");
TEXTIO.SET..COL(SCHEDULE, 3);
TEXTJIOYULI-NE(SCHEDULE, "for SCHEDULETYPE'STORAGESIZE use 200_000;");
TEXTIO.SET..COL(SCHEDULE. 3);
TEXTIJPULNE(SCHEDULE, "SCHEDUILE: SCHEDULETYPE;");
TEXT-IO-NEW...LINE(SCHEDULE);
TEXT-JO.SET-COL(SCHEDULE, 3);
TEXTjO.PUTLINE(SCHEDULE, "task body SCHEDULETYPE is");
TEXTJIO.PUT(SCHEPULE, " PERIOD : duration := durationC';
F-JO.PUT(SC{EDULE. FLOAT(HARMONICBLOCK _LENGTH)/1 000.0);
TET IOPUTLINE(SCHEDULE.");");
S := TFHE-.SCH-EDULEJINPUTrS;
SCHEDULEjINPUTSLST.NEXT(S); -* Bypass dummy start node.
while SCHEDUL.EJNPUTS_.LIST.NON...EMPTY(S) loop

TEXTIO.SEL COL(SCHEDULE, 5);
VARSTRING.PUT(SCHEDUIE,

FRONT_-END.NEW-GRAPILOP_-RETURN(SCHEDULEJNPLTI-LIST.VALUE(S).THIEOPERATO
R).THE_OPERATOR.JD);

TEXTIJPU(SCHEDULE, "...TOPJIME");
INTEGERIOPU(SCHEDULE, COUNTER,l);
TEXT JO.PUT(SCHEDULE," : duration := duration(")-,
F_-IO.UT(SC]HEDULEFLOAT(SCHEDULE INPUTSLJST.VALUTE(S).THESTOP)/1000.0);
TE[TJIOUT..LNE(SCMEDULE,");");
SCHEDULEINPUTflLIST.NEXT(S);

COUNTER :- COUNTER + 1;
end loop;
TEXT_1O.SETCOL(SCHEDULE, 5);
TEXTIO.PUTLINE(SCHEDULE, "SLACK-.TIME: duration;");
TEXT-IO.SET COL(SCHEDULE, 5);
TEXTIOYUT..LINE(SCHEDULE, "START _OF _PERIOD: time := clock;");
TEXTIO.SETCOL(SCHEDULE. 5);
TEXTJO1'UITJJNE(SCHEDULE, "CURRENT_-TIME: duration;");
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TEXT1OSETXCOL(SCHEDULE. 5);
TEXTIOPT(SCHEDULE, "begin");

S :- THE-SCHEDULEINPUS;
SCHEDULEJINPUTSj..ISTNEXT(S); -0 Bypass dummy start node.
COUNTER - I;
while SCHEDULE ROUTS...LIST.NON..EMP1Y(S) loop

TEXT-JO.SELCtOL(SCHfEDULE, 7);
vARsTNG.Pr(sCmEDULE,

FRONTENDNEW..GRAPH.OPETURN(SCHEDULENPTIS..IST.VALUE(S).THE_OPERATO
R).THE .OPERATOR ID);

TtXJOU..LNE(SCHEDULE, "-DRIVER;");
TEXT-IO.SET..COL(SCHEDULE, 7);
TEXTJO.TSCHEDULE, "SLACKJIMAE.- START...OFPERIOD + 4)

VARSTRINGYUT(SCHEDULE.
FRONTEND.NEW..GRAPILoPYEMRN(SCEDULENPUS.LIST.VALUE(S).HEOPERATO
R).THEOPERATORID);

TEXT-JOPt(SC]HEDULE, ".STOPJI7M");
InTEERIO.PUT(SCHEDULE, COUNTER,1);
TEXTJO1'JwiNESCHEDUL.E," - CLOCK,");
TEXTJOSET..OL(CHEDULE, 7);
TEXT-o1PYr...LDWESCHEDULE, "if SLACKJIME >- 0.0 then");
TEXT_1O.SET_.COL(SCHEDULE, 9);
TEXTJIOYMPUTNE(SCHEDULE, "delay (SLACKJIMlE)");
TEXTJO.SEr_COL(SCHEDULE, 7);

TEXT-O HEULF,"else");
COL( l X..9);

TEXTJOAPI(SCHEDULE, "vaise");
VARSTRINO.Ptr(SCHEDULE,

FRONTJENDEW..GRAPHLOP.RETURN(SCHEDULENPUTSST.VALUE(S).T1HEOPERATO
R).THEOPERATORJD);

TEXTJOPULESCHEDULE, TDNGERROR;");
TEXTlO.SELCOL(SCHEDULE. 7);
TEXTJIO.PETLJ.NE(SCHEDULE, "end M.~");
TBMPVAR:-

FRONTENDNEWORAPILOPRETRN(SCEDULEPUrLIST.VALUE(S).HEOPEP.ATO
R).THE..OPF.RATORJD;

SCHEDUL.EJNPUTJLSTNEXT(S);
if SCHEDULEJ qPUr&LIST.NON..EMPTY(S) then

- ginteripoidinto te next record after this
_XJO..COL(&SCREDULE, 7);,

TEXTcUOIWy(SCHEDULE, "delay (STARTO _F.JPERIOD +")
VARSTRING.PUT(SCHEDULE, TEMdPVAR);
TEXT-JOPU(SCHEDULE,"_STOPTIME");

MWER10Tr(SCHEDULF, COUTR,1);
TEXTJ1O.UFJJNESCHEDULE, " - CLO)CK);");
TEXTjO~qEW_.LWNESCHEDULE);

end if;,
COUNTER :- COUNTER +9.1;

end loop;

TEXT-1OSET-COL(SCHEDULE. 7);
TEXT - O.PUTJJNE(SCHEDULE

"START_.OPYERIOD :- START-OF-PERIOD + PERIOD;);
TEXT_ O.SET_.COL(SCHEDULE, 7);
TEXT IOAUT..LINE(SCHEDULE, "delay (START-OFPERIOD - clock);");

TEXTJOSETSO(SCHEDULE, 7);
TTJOPTr..LNE(SCHEDULE, "exception");
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OP_-LIST :- OPERATOR-LIST,
NODEL.IST.NEXT(OP..LIST); -* Bypass dlummy start node
COUNTER:= COUNTER - 1;
while NODEUST.NONEMP TY(OPjJST) loop

TEXTJOSETCOL(SCHEDULE, 9);
TEXTIO.PUT(SCHEDULE, "when ");
VARSTRING.PUT(SCHEDULE,

NEWGRAPH.OP..RETUR(NODE .LIST.VALUE(OP...WSTh.THEOPERATOR_ID);
TEXTO.PULLINESCHEDULE, "_.TIMING..ERROR >)
TEXTJIO.SET-COL(SCHEDtJLE, 11);
TEXTJ -O.PUT(SCHEDULE, "PUTJ2NE"tmg errr from operato&");
VARSTRING.PUT(SCHEDULE,

NEW-GRAPILOP RETURN(NODE..LIST.VALUE(OPJ-IST)).THE..OPERATOR ID);
TEXT O~PULLINE(SCfMIDULE. ");-Th
TEXTJ -OPUTXINSCHEDULE, "STARTOF..PERIOD: clock;");
NODE...LIST.NEXT(OP-LIST);
COUNTER:- COUNTER -1;

end loop;

TEXTJO.SET-OL(SCHEDULE, 7);
TEh7TIO.PUTUJNE(SCHEDULE, "end;");
TEXTIO.SE.TCOL(SCHEDULE, 5);
TEXT-JOPLJTL.LINESCHEDULE, "end loop;");
TEXT-IO.SET-.COL(SCHEDULE, 3);
T1DXTO~kffTJJNE(SCHEDUI.E, "end SCHEDULEJTYPE;");
TEXTIO.NEW..LINE(SCHEDULE);
TEXTJOPU~nT.LNESCHEDULE, "begin");
TWXTjO.SEL COLSCHEDULE. 3);
TEXT_-IOPUTMLNE(SCHEDULE, "nuIl");
TEXTJOPLJTJNE(SCHEDULE, "end STATIC..SCHEDULE,");

end CREATE.STATIC. SCHEDULE;

end SCHEDULER;
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with DATA:~ use DATA:

pakage ANNEAL is

proceOdure SIMLJLATEDANNEAL (PRECEDENCE-LIST: in NODE-LISTLIST;
AGENDA: in out SCHEDULEINPUTSSLST
H-BLENGTH: in INTEGER; _LS.IT
VALIDSCHEDULE: in out BOOLEAN);

end ANNEAL;
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with TEXTJO;
with DIAGNOSTICS;
with RANDOM;
with MATH; --* Necesmry for EXP function.
with DATA: use DATA;
with FRONT._END; use FRONT-END;

package body ANNEAL is

packa inLio is new TEXTO.integer_io(integer);-put in for debugging
use in.o;
package float-io is new TEXT.JIOtoat_io(float);-put in for debugging
use floatio;

-- The following code is a modification of the HARMONIC BLOCK WITH PRECEDENCE
-* CONSTRAINT scheduling algorithm developed and implemented by Kilic. It is
-* intended to develop an initial solution.

procedure CREATE_INTERVAL (HE_OPERATOR : in OPERATOR;
INPr : in out SCHEDIUEINPUTS;
OLD-LOWER : in VALUE) is

LOWELBOUND: VALUE;

function CALCLOWER_BOUND return VALUE is

- since CREATEINTERVAL function is used in both SCHEDULEINITIALSET and
- SCHEDULERESTOFBLOCK (OLDLOWER /= 0) check is needed.In case of the
- operator is scheduled somewhere in its interval and (OLD_LOWER /6 0),
- this check guarantees that the periods will be consistent.

if (OLD-LOWER /1= 0) then -* SchMdule subsequent isac of task
LOWERBOUND :- OLD-LOWER;

else -0 Schedule first instance of task
LOWE.LBOUND :- INPUT.THESTART;

end if,
return LOWERBOUND,,

end CALCLOWER.BOUND;

function CALC_UPPER_BOUND return VALUE is
begin

if THEPERATOR.THEWrHlN - 0 then
return LOWERBOUND + THEOPERATOR.THE_PERIOD -THE_OPERATOR.THE_MET;

- if the operamor has a WITHIN constraint, the upper bound of the
- inervai is reduced.
else

return LOWER_BOUND + THE_OPERATOR.THEWITHIN - THEOPERATOR.THEMET;
endi i,

end CALCjPPERBOUND,
begin -mn C R EA TE _INTERVAL

IPT.THELOWER:- CALCLOWER.BOUND,
INPT.THEUPPER : CALCUPPER._BOUND;

end CREATE.I.NTERVAL;

procedure SCHEDULEINITIALSET (PRECEDENCELIST: in NODELIST.LIST;
THESCHEDULEINPUTS: in out SCHEDULEjNPUTS_LISTI.IST;
HARMONIC -BLOCK_LENGTH: in INTEGER;
STOPTIME : in out INTEGER) is
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V :NODE_USTILIST := PRECDENE_LIST,
STARTJIMdE INHTEGER :- 0;
NEWJT : SCHEDULE-INPUTS;
OLD..XOWER :VALUE :.0
OP...NIM :INTEGER;
TEMP :OPERATOR;

SHEDULENPUSLISTMIYFHE.SCHEDUL~J NPUTS);
NE WjNPUT.TIE, OPERATOR := 0;, -* This Code schedules
NEW WUT.WLO WER := HARMONIC..BWCKLENGTH +10;--* the first and only
SCHEDU.E~jNPUTSLIST.ADD (NEW-INPUT. THE.,.CHEDUL.ENPUTS);-~* instance of the
NODE,_LIST NEXT V);-* dummy start node.
while NODE...LIST.NONJEMFI'Y(V) loop

OP...NUM:= NODELIST.VALUE(V);
TEMP:- NEW..GRAP1LOP..RETURN(OP.YNUM);
NEWINPT.TE..PERATOR := OP-NUM;
NEWJNpUT.THESTART - STARTJIME;
ST ME:- START-TIME + TEMP.THEWvIET;
NEW...IPUTr.THESTOP - STOP-.TIME;
STARTJI7ME :- STOPJIAE;
- for every operato in SCHEDULE~jNmTAL...SET, OLD..LOWER is zero. So we
- always send zero value to CREATEIJNTERVAL.
CREATE...ThVALCIEMP, NEWJINPUTP OLD-.LO)WER);
SCHEDULEINPUTSJJISTADD (NEWJINPUT, THE..SCHEDULEJlNP UTS);
NODEJ..ISTN4EXT(V);

and SCHEDULE-INIIAL-SET;

p.cedure SCHEDULE..REST..0F.BLOCK(PRCEDENCEJJSThin NODEj..IST.L1ST;
THE..scHEDuLE~jNPuTs in out SCHEDULE-INPUTSLISTJJIST;
HARMONIC-.BLOCKLENGTH: in INTGER;
STOPJEM: in INTEGER) is

V :NODEUST.LIST :- PRECEDENCELIST;
TEMP :SCHEDULEJPUTS.LISTLIST: T1HE.SCHEDULEJINPUTS;
V..LIST,
HEAD :NODE JJSTLIST;
P :SCHEDUEJNPUTS-LISTLIST%
S :SC]HEDULE-INPUTS-LIST11ST.
T :SCHEDULE-INPUTS.LISTIST;
START TIME :IN'[GER. 0
TME.STOp: INTEGER mSTOPfIM;
NEWJNPUT SCHEDULEJNPUTS;
OL.D..LOWER VALUE;
OUTSIDE BLOCK BOOLEAN :- false;
OP..NUM INTEGER;
TEhWMp~. OPERATOR;

begin
NODE -LISTDUPLICATE(PRECEDENCELIST. VJJLST);

SCHEDULE~flS.ISTLISTUREVERSEMHESCHEDULEJPPS, P);
T := P.

while SC:HEDULEJNUTSLJIST.NON EMPT(P) loop
-0Canged <to <=on 1 Apr 91 to correct flaw in clmder

OP...NUM :- NODE_.LIST.VALUE(V);
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TEMP-..P NEWGRAPH.0P.RETURN(OP..NUM);
if (SCHEDULE-JNPUTS- LIST.VALUE(P).THE_-LOWER

+ TEMP..0P.THEPERIOD
+ TMPOP.TWE-vET) <-- HARMONICBLOCKLENGTH then

NEWJlNPUT.THE,-OPERATOR: 01P..NIM;
-*The following if statement determines the appropriate start time
-*of an operator.
if SC]HEDULEJNPUTJST.VALUE(P).TE.LOWER

+ TEMPO0P.THEPERIOD >= TIME.STOP then
START.,.TS m SCHEDULE NPITrS-LST.VALUEP)THE...OWER + MhO -P.THEERIOD,

STARTJIME :n TIMSTOP;
end if-,
NEWJNPUT.THE..START: STARTTIME;
NEWINPUT.THE-STOP := STARTTIME + TEMIP..QP.THEMET;
TIESTOP: NEWJNPUTTHESTOP;
OLD-flWER: SCHEDULEjNPUTSjJSTVALUE(P)THEJ-OWER + TEMP..OP.THE-PEIOD;
CREA7ETERVAL(TEP....P. NEWINPUT. OLD...OWER);
NEWINPITF.THEJNSTANCE -- SCHEDULEJNPUTS.JJST.VALUE(P).THEINSTANCE + 1;
,scHEDLJLEINPUTs..LIST.ADD(NEW-JNPUT, TEMP);
SCIDULENPTS.LSTADD(NEWJNPUT. S);
NODEJJSTMNXT(V);
SCHEDUPE-USWSNEXT(P);
els
NODE-.USTNEXT(V);
NODE-USTREMOVE(OPJ4UM VJJ1ST);
SCHEDULEJNP UTSJSTNEXT(P);

end if-,
end loop;

if SCHEDUL.EJNPUS..LIST.NON..EMPTY(S) then
SCHEDULEJNPLTIS-LISTYREE...LISTM;
SCHEDULEJINPUTS-LISTLIST.REVERSE(S, P);
SCHEDULE jNPUTS..LISTYREE_.LIST(S):
T := P;
V :w V...LST;

else
exit;

end if-,
end loop;
SCHEDULEULIST.LIST....TREVERSE(TEMP. TWESCHEDULEINPUTS);
SC]HEDU.LJNPTS..LIST.FREE_LIST(rEMP);

end SCHEDUI.EREST_.OF_.BLOCK;

**All code beyond this point is utilized by the SIMULATED ANNEALING algorithm-

procedure TEST-SCHEDULE ( AGENDA in SCHEDUL.E_INPUTS_LISTLIST;,
COST in out INTEGER;
BLOCKLENGTH in INTEGER;
OUTSIDE-BLOCK in out BOOLEAN) is

This procedure finds the cost of a schedule by traversing through it.

V SCHEDULE.INP UTS_jLIST.LIST: AGENDA;
PREVIOUS SCHEDUL.EINP UTSLIST.LIST := null;
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CST -. 0
SCR DULEJMUT1S LSTNEXT( V); -Bypass Dummy Start Node
while SCHEDULE-JNPUTrSLISTJ4ON.XMPl3TY(V) loop
if SCHEDULEJNPUSJ.ST.VALUE(V).TJHESTART

< SCHEDUlEIN4PUTSLIST.VALUE(V).THELOWER then
COST :- COST + (SCHEDULEINPUTSLIST.VALUE(V).THE_LOWER

SC]HEDULEJNUTSLIST.VALUE(V).THE-START);
elsif SCHEDULEJNPLT'S..LIST.VALUE(V).THE-.START

> SCHEDULEJNPUTS.LIST.VALUE(V).THE-JPPER then
COST :- COST + (SCHEDUL.E -IPUJST.VALUE(V).THEE.START

- SCHEDULEJNPUTSJJST.VALUE(V).THEJ.JPPER);
aid if,
PREVIOUS := V;
SCHEDULEJNP UTS&LlST.NEXT(V);

if S(HP.ULEINUPUTS-ST.VALE(PREVIOUS).THE..STOP > BLOCI.LENGTH then
OUTSIDE..BLOCK :- mze;..* Schedule exceeds harmonic block length Not acceptable

end if-,
aid TEST..SCHEDULE;

poedure ADYUST..SCHEDULE(TEMP..AOENDA in out SCHEDULE-JNPUTS..LIST.LIST;
PRECEDENCEJJST: in out NODE L.IST.I1ST;
HBLENGTH : in INTEGER;
OU'I'SIDE-HARMONIC-BLOCK: in out BOOLEAN;
NEWLIST :in out BOOLEAN) is

-*This procedure developes a new schedule based on another schedule
HOLD,
ADJUSTPOINT :SC1HEDULEJNfP YI'SLIST.LIST; -* op dhat misses deadline
V :SCHEDULEINPUTSLIST.LIST - TEMP..AGENDA,

PENALT _CO-T Original Schedule

NET,
STARTTYMfE,
STOPJIME :INMEER -0
NEWJNPU: SCHEDULEJINPUTS;
MOVED :BOOLEAN := false;
ADJUSTED :BOOLEAN:= false;
REDO :BOOLEAN := false;

procedure ADJUST-PRECEDENCE (PRECEDENCE-LIST: in out NODE~J.ISTLIST) is
-. Develop a new precedence list.

OPfOB..RESCHEDULED,
TEMPY.ARENTS,
PARENTS,
TEMP NODELISTULST;
NEW_.LIST.
ADJUSTABLE,
ADJUSTED.
FOUND_.PARENT,
CANR..ONOYURTHER BOOLEAN: false;
RESCHEDULED OP INT7EGER;
MOVE..COUNT INTEGER := 0,

while not NEWLJST loop
TEMP := PRECEDENCELJJST;
while NODE.LIST.NON.EMPTYTMP) loop -Move to tail of list
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MOPJOBERESCHREDULED :- TEMP.
NODE.LISTNEXT(TEMP);

end lomp;
MOVECOUNT- = ITEGER(RANDOM.NEXTJ4_UMBER *FLOAT(DATA.OP_-COUNT));

while MOVE -COUNT > 1 loop
NODE JST.PREVIOUS(OPJ&BO-ERESCHEDULED);
MOVE -COUNT := MOVE-COUNT - 1;

end loop;
TEMP := OPJQ0BERESCHEDULED;
NODELLJSTREVIOUS(TEMP);
while not ADJUSTED loop

if not NODE-JST.NON_EMPIYTEMP) then
exit; -* Cannot reschedule first op in list.

end if-
while NODE_LST.NONEM VfIYCEMP) loop
if not NEW GRAP.ISYARENT(NODELIST.VALUECMP),

NODE..LIST.VALUE(OPJ-O-BE..RESCHEDULED)) then
ADJUSTABLE :- true;
NODE-JSTYREVIOUSCIEMP);

elam
exit;

end if-,
end loop;
if ADJUSTABLE then

RESCHEDULED..OP :- NODE-.LST.VALUTE(OPJOIQBERESCHEDULED);
,NODEjJSTkREMOVE(RESCHEDULED..PP, PRECEDENCE-.LST);
NODEJJST.INSERT_4EXTRESCHEDULED-.OP. TEMP);
ADJUSTEDn uWae
NEW-..IST:- true;

else
NODEUSTORVUS(OFO... ERESCHEDULED);

TMP = OPJO.J3ERSCHEDULED.
NODEjJSTYPREVIOUSOrEMP);

end if-.
end loop;

end loop;

end ADJUSTJYRECEDENCE;

begin -* MAIN Adjust Schedule procedure
-. This first loop traverse thru a =oyo the agenda to find the first instance of an
-. operao that misses its deadline sceue will be adjusted from this Point.
while SCHEDULEJ 4PtTrST.NONEMPTY(V) loop

if SCRDULEIPUS.V ALUE(V).THE-START
> SC HDULE-JPU1JIST.VALUE(v).THEJJPPER then

ADJUST-YOINT :m V;
exit;

end if-,
SCHEDULEJNItJTS-JSTNEXT(V);

end loop;
while not ADJUSTED loop

if not SCHEDULE-JNPUTS-LIT.NON.EMFrY(V) or REDO then
-*At this pioint all operators meet their deadlines but the schedule exceeds the
-harmonic block length. The initial set of ops must be adjusted

ADJUST..YRECEENCE(PRECEDENCE..LIS7);
SCHEDULEINPUrS_.LISTFREE...LIST('lMP.AGENDA);
SCHEDULE- ~rAL-SET(PRECEDENCELISTTEMPAGENDA,HBLENGTH,

STOPjflME);
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SCIHDULESFBOCK(LCPRECE CEJJST.TMPAg!ENDAHBLENGTK
STOPJIME);

NEW-LIST: true;
ADJUSTED:= true;

else
-- The following if statement finds the point in the ali~ AGENDA where we can begin
-~to reschedule operators. It does so in reverse % = tepoint that the first
-operator missed its deadline back to the start point of the schedule. Each

operor's start time and child relationships are checked to see if the operator
-that miseed its deadline (ADJUST POINT) can start prior to this operator.

SCHEDULEJNPUTSLIST.PREVIOUS(V);
HOLD: V;
while SCHEDULEI_INPUTS__LIST.NONEMIM(V) loop

if SCHEDULEINPUTS_.LIST.VALUE(V).THE_START
>SCHEDLEINPUTS_ LIST.VALUE(ADJUST .POIT).THE..LOWER

and not NEW_GRAPHJISPARENT(SCHEDULEJINPUTS JTVAU().H 0PERAOR
SCHEDULEINPUTSiLST.VALUE(ADJUSTY-OUIN.TE OPERATOR) then

SCHEDULEINPUTS...LISTPREVIOUS(V);
MOVED :- true;

else
STOP_71TIME :- SCHEDULEJNPUITSUST.VALUE).THE.STOP;
exit;

aid if;

NEWIN11UT.TKEOPE.RATOR :=
SCHEDULE_1PUTS_LISTVALUE(ADJUST-YON1.TIE-OPERATOR;

if SC]HEDULEINPUMTIST.VALUE(ADJUST.YPOINT.THELOWER > STOPTIME
then

STARTDIE - SCHEDULE NUSUSTVALUE(ADJUSTPORM THE LOWER;
else

STARTJ-IME := STOP _IME;
end if,

NEWJlNP1UI.THE-START := START TIME:
MET-- SCHEDUL ENPUTSLST.VALUE(ADJUST -POINT.THE STOP
- SCHEDULE INPUSLUST.VALUE(ADJ"UST -POINT).THE START;
STOP-IME :- START-TIME + MET;
NE WJN1?JT.THE STOP := STOPff.IME;
NEWJ-NPUT.THE,_LOWER :-

SCHEDULELNPTLIST.VALUE(ADJUST)IN).HELOWER;
-0 Those should stay the same
NEW-INPUT.THE.INSTANCE :=

SCHEDULE_ UTSLST.VALUE(ADJUSINT)O.HW-jNSTANCE;
NEWJNPUT.THEUPPER :=

SCHEDUL.EIPUSLST.VALU(ADJUSTPONT)THEUPPER;
SC]HEDULEINPTS..LIST.INSERT -NEXT(NEW_ INPUT, V);

SCHEDULE_INPLIrS..LIST.REMOVE(SCHEDULE_-INPUTS-LISTVALUE(ADJUST _POINT,
TEMP -AGENDA);

SCHEDULI.lNPUTSLIST.NEXT(V);
ADJUSTED:- true;
while SCHEDUTLEINPUTS_ LIST.NONEMPTyY(V) loop

if SCHEDULEINPUTS_L.IST.VALUE(V).THE. LOWER <= S5TOP _TIME or
SCHEDULEJNpuTS-LIST.vALUE(v)THESTART < sTOPTII%4 then

if SC]HEDULENPUTS LIST.VALUE(V).I4E START > STOPTIME then
exit;

end if,
NEW M IPTHE OPERATOR: SCHEDUEJNPUSUT.VALUEVTHEPERATOk

START _IME := STOPffIME,
NEWDNPUT.THE_START := STARTJIME,
MET.'- SCHEDULE-INUTSLIST.VALUE(V).THIESTOP
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- SCHEDULENPUTSLISTVALUE(V).THE...TART;
STOPJIAE := START-TIE + MET;
NEWJNPUT.T1HSTOP := STOPJHM;
NEWINPUT.THELOWER:

SCHEDULEJNPUT&LIST.VALUE(V).TF{EJ-WER;
NEW.JNPUT.THE_.UPPERw

SCHEDULE-PUTS..LIST.VALUE(V).THEJ.IPPERt-
SCHEDULEINPUTS ~isT.REPLACEJTEM(NEWJN4PUT, V);

end if,
SCHDuLEPUTS.ISTNEXT(V);

end loop;
end if,

end iff
if not ADJUSTED then

REDO: true
end if,

end loop;
end ADJUST...SCHEDtJLE;

procedure ANNEALPROCESS (HBLjENGTH in INTEGER;
AGENDA :in out SCHEDULE~jNP)UTSLISTIJST;

SOLUTION.YOUND :in out BOOLEAN;
PENALTY..COST :in out INTEGER;
pRECEDENCE JJST :in owt NODE.LISTflST;
OUTDE,_HARMONIC..BLOCK: in out BOOLEAN) is

SCRATCHAGENDA.
BESL.-AGENDA,
TEMP-.AGENDA SCHEDULE JNPUTS.LIST1JST;

TEMPERATURE FLOAT;
BEST....COST,
TENEP...COST :IN EGER :- 0;
TRIALNUM : INTEGER := 10D.
ACCEPT-NUM .INTEGER :- 25;
STOPffIME,
TRIAL-COUNT.
ACCEPT-.COUNT . NTGER: -0.
COOLINGJYACTOR :FLOAT -- 0.95;
FREEZE : FLOAT.- 1.0,
NEWPREC_.LIST .BOOLEAN :- false;

finction ANNEAL-JUNCTION (COST-I in INTGER;
COST...2 :in INTEGER;
CURRENTTEMPERATURE: in FLOAT) return FLOAT is

DELTAS.. FLAT;,

begin
D)ELT&C : (FLOAT(COSTJ- - COST_-2VCURRENL-TEMPERATURE);
if DELTA_.C <- 15.0 then

return MATH{EXP-DELTA..C);
else

reton 0.0,
end if;,

end ANNEAL JUNCTION;

'7CIEDULE_yNpUS.ISTDUPLICATE(AGENDA, BESL AGENDA);
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BEST-.COST := PENALTYCOST;,
TEMPERATURE: 2.0 0 FLOAT(PENALTYCOSI);
CHEDULEJNPUTS..LST.DUPLICATE(AGENDA, TEMP_-AGENDA);
while not SOLUTION-FOUND and TEMPERATURE > FREEZE loop

while TRIAL_COUNT < TRIAL,_NUM and ACCEPT _COUNT < ACCEPTNUM loop
A=JSTSCHEDULECAGDAW" STcUS,...B...E GTH.OUTSDEIARMONIQBLOCK

NEW-YREC...USI)
OUTSIDE_-HARMONIC-BLOCK: false;
1F.SCHEDULECEPAGENDA,TEMP,HB-NGTHUSIDJ1ARMNICBLOCK
if TEMP _COST <= PENALTYCOST or else RANDOMNEXL NUMBER

< ANNEAL_FUINCTIONCrEMP..OST, PENALTYCOST, TEMPERATURE) then
if TEN[PCOST < BEST _COST then

BEST_.COST: TEMP...COST;
SCIDULEIPUTSLIST.COPY.LISTCEMP...AGENDA, BEST-AGENDA);

end if,
PENALTY-COST: TEMP..COST;
SCRATCH...AGENDA :- AGENDA;
AGENDA -=TEMPAGENDA;
TMPw_AGENDA *= SCRATCHAGENDA;
ACCEpTCOUjNT: ACCEPT..COUNT + 1;

elsif NEWPRECLIST then
SCRATCH. AGENDA: AGENDA;
AGENDA: TEMP_-AGENDA;
TEmP..AGENDA := SCRATUHAGENDA;
PENALTY-.COST :- TEMP...COST;
NEW_-PRECUST: false;
if TEMP..-COST < BEST...COST then

BEST-COST :- TEMP..COST;,
SCHEDULE~jNpUTS..LIST.COPyLS(EP..GNA BST..AGENDA);

end if;
end if,
SCRATCH-AGENDA := null;
TRIALCOUNT :m TRIAL..COUNT + 1;
if PENALTY _COST <-= 0 and not OUTSIDEHARMONIC_.BLOCK then

SOLUTION...OUND :m ami;
exit;

else
SCHEDULEJNPUTSUST.COPYJJST(AGENDA, TEMP-.AGENDA):

end U,
end loop;
ACCEPT..COUNr :- 0.
TRIALCOUNT :- 0;
TEMPERATURE -TMPRTUE COOLINGFYACIDR;

end loop;
if not SOLUTIONJOUND then

AGENDA :m BEST-.AGENDA;
PENALTY_.COST := BEST..COST;

end if,

end ANNEAL-.PROCESS;

procedure SIMULATED_.ANNEAL (PRECEDENCE_.LIST: in NODELLIST.LIST;,
AGENDA :in out SCHEDULE INPUTSLISTLIST;
HBLENGTH: in INTEGER;
VALIDSCHEDULE: in out BOOLEAN) is

PENALTY-.COST.
TEMP..COST,
STOPJIum INTEGER -= 0; -* (MAR 91)
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ANNEAL :BOOLEAN: false;
WORKNG-PRICEDENCEJJIST :NODEJ.JSTUST;
OUTIDE-HARMONIC..BLOCK :BOOLEAN: false;
AAGENDA :SCHEDULEINPUTSLIST.LST;
BLANK :SCHEDULEINPUTS;

begin
NODELISTDUPLICAT(PRECEDENCELXIST.WORKINGPRECEDENCE..LIS71h
SCHEDULE-J1rAL-ET(PRECEDENCELISTAGENDA,HBLENGTH, STOPJIMAE);
SCHEDULE-REST_-OF_-BLOCK(PRECEDENCE_LISTAGENDA,H..B LENGTH, STOPfTIME);
ANNEAL: false;

TEST-SCEDULE(AGENDAPENALTYCOSTH-B..LENGTHOUTSIDE-HARMONIC-BLOCK);
if PENALTYCOST > 0ocr OUTSIDEHARMONIC BLOCK then -* Then Anecaling is required.

OUTSIDE-HARMONIC.BLOCK: false;
ANNEAL true;
RANDOMJNITIAUIZE(2*DATA.OPCOUNT. 1); --*' Initial'ie Random Number Generator
-- * with an odd number.

else
VALID...SCHEDULE: true;

end if;,
if ANNEAL then

ANNEALPROCESS(HBJAENGTH,AGENDA, VALIDLSCBEDULEPENALTY_COST,
WORKIG-RECEDENCELIST,OTSIDI _HARMONICBLOCK);

end if;
end SIMULATED...ANNEAL;

end ANNEAL;
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